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The adenylate cyclase toxin (CyaA) plays a key role in the virulence of 
Bordetella pertussis. CyaA penetrates CR3-expressing phagocytes and catalyzes the 
uncontrolled conversion of cytosolic ATP to the key second messenger molecule 
cAMP. This paralyzes the capacity of neutrophils and macrophages to kill bacteria 
by oxidative burst and opsonophagocytic mechanisms. Here we show that CyaA 
suppresses the production of bactericidal reactive oxygen and nitrogen species in 
neutrophils and macrophages, respectively. 
The inhibition of reactive oxygen species (ROS) production is most-likely 
achieved by the combined PKA-dependent inhibition of PLC and Epac-dependent 
dysregulation of NADPH oxidase assembly. Activation of PKA or Epac interfered 
with fMLP-induced ROS production and the inhibition of PKA partially reversed the 
CyaA-mediated inhibition of ROS production. CyaA/cAMP signaling then inhibited 
DAG formation, while the PIP3 formation was not influenced. These results suggest 
that cAMP produced by CyaA influences the composition of target membranes. 
We further show here that cAMP signaling through the PKA pathway activates 
the tyrosine phosphatase SHP-1 and suppresses the production of reactive nitrogen 
species (RNS) in macrophages. Selective activation of PKA interfered with LPS-
induced iNOS expression in macrophages, while the inhibition of PKA largely 
restored the production of iNOS in CyaA-treated murine macrophages. CyaA/cAMP 
signaling induced SHP phosphatase-dependent dephosphorylation of the c-Fos 
subunit of the transcription factor AP-1 and thereby inhibited the TLR4-triggered 
induction of iNOS gene expression. Selective siRNA knockdown of the phosphatase 
SHP-1 then rescued the production of TLR-inducible RNS in toxin-treated cells. 
Finally, the inhibition of SHP phosphatase abrogated B. pertussis survival inside 
murine macrophages. These results reveal that an as yet unknown cAMP-activated 
signaling pathway controls SHP-1 phosphatase activity and may regulate numerous 
receptor signaling pathways in leukocytes. The hijacking of SHP-1 by CyaA action 
then enables B. pertussis to evade RNS-mediated killing inside macrophages. 
In conclusion, we propose a model of CyaA-provoked signaling which allows 




Adenylát-cyklázový toxin (CyaA) je klíčovým faktorem virulence bakterie 
Bordetella pertussis. CyaA se váže na fagocyty produkující komplementový receptor 3 
(CR3) a následně katalyzuje přeměnu vnitrobuněčného ATP na významného „druhého 
posla“ cAMP. Tímto paralyzuje schopnost neutrofilů a makrofágů zabíjet bakterie 
pomocí oxidativního vzplanutí a mechanismů závislých na fagocytóze. V této práci 
analyzujeme mechanismus, kterým CyaA blokuje produkci baktericidních reaktivních 
kyslíkových a dusíkových radikálů neutrofily a makrofágy. 
CyaA potlačuje produkci reaktivních kyslíkových radikálů (ROS, z angl. „reactive 
oxygen species“) jednak prostřednictvím inhibice PLC přes PKA a dále nejspíše 
ovlivněním skládání komplexu NADPH oxidázy prostřednictvím aktivace proteinu 
Epac. Selektivní aktivace PKA nebo Epac blokovala produkci ROS indukovanou fMLP. 
Inhibice PKA pomocí specifických inhibitorů navíc vedla jen k částečnému obnovení 
produkce ROS u neutrofilů vystavených CyaA. Signalizace CyaA/cAMP následně 
omezila tvorbu DAG, zatímco tvorba PIP3 zůstala neovlivněna. Tyto výsledky 
naznačují, že působení CyaA může ovlivnit lipidické složení membrány fagocytů. 
Dále jsme ukázali, že aktivace PKA pomocí cAMP vyvolává aktivaci tyrozínové 
fosfatázy SHP-1. To v makrofázích způsobí potlačení produkce reaktivních dusíkových 
radikálů (RNS, z angl. „reactive nitrogen species“). Selektivní aktivace PKA pomocí 6-
Bnz-cAMP utlumila v  makrofázích expresi iNOS stimulovanou LPS. Účinek toxinu byl 
pak zablokován po inhibici PKA. Signalizace CyaA/cAMP dále vyvolala defosforylaci 
c-Fos podjednotky transkripčního faktoru AP-1 v závislosti na aktivaci SHP-1, což vedlo 
ke zrušení exprese iNOS vyvolané signalizací TLR4. Snížení hladiny SHP-1 pomocí 
siRNA vedlo k obnovení produkce RNS v makrofázích aktivovaných TLR4 ligandy. 
Inhibice SHP fosfatáz nakonec snížila přežívání B. pertussis v makrofázích. Tyto 
výsledky odhalují novou signální dráhu, kterou cAMP aktivuje fosfatázu SHP-1 
prostřednictvím aktivace signalizace PKA. SHP-1 pak může v leukocytech regulovat 
aktivitu celé řady receptorů. Působení CyaA tak prostřednictvím aktivace SHP-1 
umožňuje B. pertussis uniknout před zabitím makrofágy produkujícími RNS. 
Na základě získaných mechanismů jsme navrhli model signalizace vyvolané CyaA, 
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Despite the high rates of pertussis vaccine intake, whooping cough is a 
reemerging disease in developed countries. This respiratory illness is caused by a 
Gram-negative coccobacilus Bordetella pertussis that inhibits host immune functions 
by production of a whole range of virulence factors. These can be roughly divided 
into three classes: complement resistance factors, adhesins, and toxins. The main 
complement resistance factors are autotransporters Bordetella resistance to killing A 
(BrkA) and Vag8. Among the adhesins, filamentous hemagglutinin, pertactin, 
fimbriae, and tracheal colonization factor are the most important. Of the known 
toxins of B. pertussis, the pertussis toxin, tracheal cytotoxin, dermonecrotic toxin, 
and adenylate cyclase toxin (CyaA) appear to play a prominent role in virulence. In 
this thesis, we focused on the role of CyaA that was shown to be an essential 
virulence factor of B. pertussis. 
CyaA belongs to the RTX (Repeat in ToXin) protein family and binds the 
complement receptor 3 (CD11b/CD18 integrin) and thus targets the phagocytic cells 
of the innate immune system. After binding to the receptor, CyaA either 
permeabilizes cellular membrane by a cation-selective pore or delivers its adenylate 
cyclase (AC) domain into the cytosol of target cells. After translocation, AC domain 
converts cellular ATP into the second messenger cAMP. The production of cAMP by 
CyaA was repeatedly shown to block phagocytosis, superoxide production, 
neutrophil extracellular trap (NET) formation, as well as dendritic cell maturation 
and antigen presentation. In addition, both CyaA-mediated cAMP production and 
pore-formation were shown to contribute to CyaA-provoked cytotoxicity. 
In this thesis, the impact of CyaA toxin action on the most important 
bactericidal activities of phagocytes, such as the production of reactive oxygen and 
nitrogen species, and on dendritic cells activation of the adaptive immune system, is 
characterized. A description of the signaling pathways involved in the CyaA-




5. Current State of Knowledge 
5.1. Myeloid phagocytic cells and bactericidal functions of 
the innate immune system 
For successful colonization of the host organism, bacteria must overcome several 
bactericidal mechanisms of the immune system. The first line of defense of the host 
consists of factors in extracellular fluids, such as complement or antibacterial 
peptides and enzymes (e.g. lysozyme). In the second phase, colonizing bacteria are 
bound and engulfed by myeloid phagocytic cells, mainly neutrophils, monocytes, 
macrophages, or dendritic cells (Kaufmann, 2008). These cells are closely related 
myeloid cells that cooperate in the clearance of bacteria and in some cases can also 
clear inflammatory sites without the contribution of the adaptive immune system 
(Soehnlein and Lindbom, 2010). These professional phagocytic cells originate in 
bone marrow, where a cell called granulocyte/macrophage colony-forming unit 
(GM-CFU) develops from a stem cell. GM-CFU is the last common precursor for 
granulocytes and monocytes, from which either a granulocyte colony-forming unit 
(G-CFU), or macrophage colony-forming unit (M-CFU) can develop (Akashi et al., 
2000). While G-CFU is a direct precursor for neutrophils, M-CFU develops first into 
a monoblast, which subsequently turns into a monocyte, from which a macrophage 
or a dendritic cell (DC) can differentiate (Geissmann et al., 2003). The development 
of neutrophils, macrophages, and dendritic cells is summarized in Fig. 1. (Gordon 
and Taylor, 2005). Finally, while mature neutrophils are short-lived cells recruited to 
the inflammatory site from the blood stream, macrophages and dendritic cells may 
reside in tissues for several years. 
Monocytes, and subsequently also macrophages can be classified into at least 
two distinct phenotypic and functional forms – classical (M1) and non-classical or 
alternative (M2) macrophages. Classical macrophages initiate inflammation, whereas 
alternative macrophages are more potent at antigen presentation, immunoregulatory 
cytokine secretion, and tissue remodeling (Zhao et al., 2009). In addition to the 
M1/M2 phenotypic groups, other macrophage populations were identified in 




Fig. 1: Schematic representation of the maturation of cells in the myeloid lineage. Neutrophils, 
dendritic cells, and macrophages develop from a common hematopoietic stem cell. Their development 
diverges in the phase of granulocyte/macrophage colony-forming unit (GM-CFU), from which 
granulocyte colony-forming unit (G-CFU), or macrophage colony-forming units (M-CFU) arise. From 
an M-CFU, a monoblast and subsequently a monocyte develop. Monocytes are then the precursors for 
macrophages and dendritic cells. 
Both neutrophils and M1 macrophages possess potent bactericidal capacities. 
Neutrophils are equipped with a high number of granules filled with a broad range of 
antimicrobial peptides and easily produce reactive oxygen species (ROS). While 
macrophages also produce ROS, they do so in smaller amounts than neutrophils. 
Moreover, macrophages express also an inducible nitric oxide synthase (iNOS). Thus 
neutrophils and macrophages are not redundant and rather complement each other’s 
actions (Soehnlein and Lindbom, 2010). 
The bactericidal activities of M1 macrophages and of neutrophils can be 
further increased by the priming of mature cells with low doses of pro-inflammatory 
cytokines, such as IFNγ or TNFα. Both are used to achieve phagocytic cell priming 
in vitro. The same cytokines also serve to potentiate bactericidal capacities of 
myeloid phagocytes in vivo. 
After maturation or priming in the target tissue, phagocytes can take up 
particles labeled with pathogen-/danger-associated molecular patterns 











the engulfed bacteria are sequestered into a vesicle called a phagosome, which can 
fuse with lysosome to form a phagolysosome. Upon phagosome-lysosome fusion, the 
pH of the bacterial surrounding decreases and bacteria are killed by antimicrobial 
peptides present in lysosomes, or released from fusing granules of neutrophils (e.g. 
defensisns). At any time after recognition by a phagocytic cell, the bacteria can be 
killed by oxidative agents produced by specialized enzymatic complexes – the 
NADPH oxidase producing ROS, or the inducible nitric oxide synthase (iNOS) 
producing reactive nitrogen species (RNS). Both ROS and RNS are small polarized 
molecules able to diffuse through membranes and thus can also kill extracellular 
bacteria (Fig. 2). In this thesis, special emphasis is placed on the capacity of 
Bordetella pertussis adenylate cyclase toxin to block the ability of phagocytes to 
produce ROS and RNS. 
 
Fig. 2: ROS and RNS as antimicrobial agents in the airway mucosa. Differential interference 
contrast microscopy photography shows pseudostratified airway epithelium with ciliated cells, which 
is the natural niche for Bordetellae. The production of and interaction between ROS and RNS is 
depicted. The main targets of ROS and RNS in bacteria are marked with asterisks (*). Reprinted from 
(Omsland et al., 2008). 
5.1.1. Reactive oxygen species production 
The term “Reactive oxygen species” denominates a group of several highly 
reactive radicals and compounds, like superoxide anion (O2
-





or hydrogen peroxide (H2O2). These short-living agents often react with Cl
-
 or RNS 
to create even more reactive (and thus toxic) substances. Although ROS can be 
produced by most cells of the innate immune system, neutrophils are considered to 
be the primary source of bactericidal ROS (Mittal et al., 2014). Superoxide anion is 
formed by NADPH oxidase complexes in the membranes of myeloid phagocytes. 
There exist at least seven different NADPH oxidase complexes. Among them NOX1, 
NOX3, NOX4, NOX5, DUOX1, and DUOX2 are expressed in non-phagocytic cells 
and ROS produced by these cells serve mainly as signaling molecules. In contrast, 
NOX2 complex is expressed by phagocytic cells, mainly by neutrophils and 
macrophages (Bedard and Krause, 2007); and is responsible for production of 
bactericidal ROS. The NOX2 complex consists of six proteins: heme containing 
gp91
PHOX
 (Nox2) and p22
PHOX







, and Rac1/2. A schematic composition of the NOX2 complex is 
shown in Fig. 3. 
 
Fig. 3: Subunit composition of the NOX2 complex. The catalytic core subunits of the enzyme 
complex is shown in green; NOX maturation and stabilization partner p22
phox





 are shown in orange; cytosolic activator p67
phox
 is shown in 
green; and small GTPases (RAC1 and RAC2) are shown in blue. Reprinted from (Drummond et al., 
2011) 
In resting cells, the NOX2 complex is inactive and its components are 
separated into different cellular compartments. The cytosolic parts of inactive NOX2 
complex can be co-immunoprecipitated in the form of a heterotetramer of a not yet 
precisely defined stoichiometry (Iyer et al., 1994; Park et al., 1994; Park et al., 1992). 







 was found to be associated with the Triton X-100 insoluble cytoskeletal 
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fraction and binds the p40
PHOX
 subunit stably (Tsunawaki and Yoshikawa, 2000). 
The interaction of p67
PHOX
 with the cytoskeleton is crucial for the delivery of 
cytosolic components to the membraneous components of NOX2. In contrast, 
p47
PHOX
 is a cytosolic protein and does not bind to the cytoskeleton until the cells are 
activated (El Benna et al., 1999). The membraneous part of NOX2 complex forms a 




, which serve as a 
docking site for other components of the NOX2 complex (de Mendez et al., 1996). 




 are located, the final 
NOX2 is assembled at the phagosomal or plasma membrane. 
NOX2 assembly and activation can be initiated by signaling of soluble or 
particulate factors. To the soluble factors comprise the complement factor C5a 
(Daniel et al., 2006), fMLP (Condliffe et al., 2005), platelet activating factor (PAF) 
(Chen et al., 2006), or leukotriene B4 (LTB4) (Batra et al., 2012). Any object, either 
opsonized and detected by Fc receptors or complement receptors, or unopsonized 
and recognized by mannose-binding lectin, or scavenger receptors, and thereby 
targeted for phagocytosis, can serve as a particulate stimulus (Anderson et al., 2010). 
Both soluble and particulate stimuli trigger activation and assembly of NOX2 
by a similar mechanism. Binding to products of phosphoinositide 3 kinase (PI3K) 
and phosphorylation-induced structural changes appear to play a crucial role in 
NOX2 assembly. The main target for phosphorylation was identified to be the 
p47
PHOX
, which can be phosphorylated on several residues inside its polybasic motif 
(Hoyal et al., 2003; Inanami et al., 1998; Johnson et al., 1998). Upon 
phosphorylation, the polybasic motif of p47
PHOX
 binds the SH3 domain of p67
PHOX
 






 (Lapouge et al., 
2002; Massenet et al., 2005). p67
PHOX
 undergoes several phosphorylations, mainly 
by mitogen-activated protein kinases (MAPKs) (Benna et al., 1997; Dang et al., 
2003; Dusi and Rossi, 1993; Forbes et al., 1999a; Forbes et al., 1999b), but the role 
of these phosphorylations remains unclear. Similarly, p40
PHOX
 can be phosphorylated 
probably by protein kinase C (PKC) (Bouin et al., 1998; Fuchs et al., 1997; Someya 
et al., 1999) and this phosphorylation seems to be required for full NOX2 activation 














 bind phosphatidylinositol 3-phosphate (PI3P) (Ago et al., 2001; Ellson 
et al., 2001; Kanai et al., 2001; Karathanassis et al., 2002; Perisic et al., 2004). This 
constitutes another physiological signal for NOX2 activation (Ellson et al., 2006). 











 heterodimer and binds GTP-loaded Rac (Meijles et al., 
2014). 
The information needed for NOX2 assembly is transmitted by several signaling 
pathways from the plasma membrane to the phox proteins. Some proteins may 
mediate crosstalk between these signaling pathways, which makes the establishment 
of the hierarchy of signaling events in the process of NOX2 assembly rather 
problematic (Bourdonnay et al., 2012). The most important signaling pathways for 
the induction of NOX2 assembly are depicted on Fig. 4. 
 
Fig. 4: Schematic representation of signaling pathways leading to the assembly of NOX2 
complex and ROS production in neutrophils. 
When the ROS production is not needed any more, it can be terminated in 
several ways. The first is the dephosphorylation of NOX2 complex subunits due to 
the activation of phosphatases, or by the inhibition of kinases maintaining the 
appropriate phosphorylation status of the complex. For instance, the general 
inhibitors of the PKC family, such as staurosporine or H-7, rapidly abrogate PMA-
stimulated NADPH oxidase activity (Heyworth and Badwey, 1990). This leads to 
fMLP C5a 
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disassembly of the NOX2 complex (Curnutte et al., 1994). In addition, pretreatment 
of cells with inhibitors of protein phosphatase 1 (PP1) and 2A (PP2A) reverses the 
action of PKC inhibition (Ding and Badwey, 1992). Similarly, inhibition of PP2A by 
ocadaic acids prolongs fMLP stimulated ROS production (Ding and Badwey, 1992; 
Garcia et al., 1992; Harbecke et al., 1997; Harbecke et al., 1996; Lu et al., 1992). 
This suggests that phosphorylation of NOX2 complex subunits is a steady-state 
process, which is ongoing even throughout ROS production. 
The second mode for termination of ROS production is the removal of Rac 
from the NOX2 complex. This is achieved by GTP to GDP hydrolysis, leading to the 
disruption of interaction between Rac and p67
phox
 and ultimately to the disassembly 
of the oxidase complex (Moskwa et al., 2002; Scheffzek et al., 1997; Vetter and 
Wittinghofer, 2001). Thus all processes used for NOX2 assembly serve also for their 
disassembly and for the termination of ROS production. 
5.1.2. Reactive nitrogen species production 
Reactive nitrogen radicals are created by the reaction of nitric oxide (NO) 
with ROS or O2. Besides NO itself, the most important radical is probably the 
peroxynitrate (OONO
-
). The list of commonly found ROS and RNS is presented in 
Table 1. 
 
Table. 1: List of commonly found reactive oxygen and nitrogen species. Adapted from (Mugoni 
and Santoro, 2013). 
Reactive Oxygen Species 
(ROS) 















 Peroxynitrous acid ONOOH 
Peroxyl RO2
.










 Dinitrogen trioxide N2O3 
Hydrogen peroxide H2O2 Nitrous acid HNO2 
Singlet oxygen 
-1
O2 Nitril chloride NO2Cl 
Hypochloric acid HOCl Nitrosyl cation NO
+
 
Nitric oxide, serving as an input for RNS generation, is produced by the 
inducible nitric oxide synthase (iNOS, NOS2). In contrast, neuronal nitric oxide 
synthase (nNOS, NOS1) and endothelial nitric oxide synthase (eNOS, NOS3) do not 
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produce bactericidal amounts of NO. All the three NOS enzymes are catalytically 
active when dimerized and use two substrates, L-arginine and molecular oxygen. NO 
synthesis requires as co-factors nicotinamide-adenine- dinucleotide phosphate 
(NADPH), flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and 
(6R)5,6,7,8-tetrahydro-l-biopterin (BH4) (Forstermann and Sessa, 2012). In contrast 
to nNOS and eNOS, the iNOS is a highly active and Ca
2+
-independent enzyme. 
While nNOS and eNOS produce a small amount of NO, which is usually considered 
to be the signaling messenger, iNOS is a high output enzyme that produces toxic 
amounts of NO and plays an important role in host’s defense against pathogens 
(MacMicking et al., 1997). 
The expression of iNOS can be induced in cells of the innate immune system 
such as macrophages, as well as in cells of epithelial origin (Lane et al., 2004; Xie et 
al., 1993). The expression pattern of iNOS can, however, differ according to the host 
species (Pautz et al., 2010). In mice, the expression of iNOS is induced easily by 
individual proinflammatory factors such as LPS or IFNγ (Xie et al., 1993). In 
humans, in contrast, a combination of LPS, IFNγ, TNFα, and IL-1β is required for 
robust iNOS expression (Fang and Vazquez-Torres, 2002). Based on the complexity 
of input stimuli, human cells are usually not used as a model for studying iNOS 
expression, and mouse cells are used for deciphering of the effects on particular 
signaling pathways regulating iNOS expression and NO production (Chang et al., 
2013; Koide et al., 2003; Tsukamoto et al., 2008). 
In mouse macrophages, the induction of iNOS expression is regulated by 
several signaling pathways. Upon the activation of cells by IFNγ, the transcription 
factor Signal Transducer and Activator of Transcription (Stat1) is activated and 
triggers the expression of another transcription factor, the Interferon Regulatory 
Factor 1 (IRF1). Both transcription factors subsequently collaborate with additional 
transcription factors: the Nuclear Factor κB (NF-κB) and the Activator Protein 1 
(AP1). In contrast, the activation of macrophages by LPS primarily leads to the 
activation of NF-κB and to MAPK-dependent activation of AP1, although the 
activation of Stat1 by LPS was also described (Rhee et al., 2003). The cooperation of 
all four transcription factors is then crucial for iNOS gene expression (Kleinert et al., 
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2003; Pautz et al., 2010). The signaling pathways leading to iNOS expression are 
illustrated in Fig. 5. 
The expression of iNOS is also regulated post-transcriptionally on the level of 
mRNA stability. The 3’-UTR of iNOS mRNA was found to interact with the KH-
type Splicing Regulatory Protein (KSRP), which is a key mediator of mRNA decay. 
The overexpression of KSRP markedly decreased cytokine-induced iNOS expression 
in epithelial cells (Linker et al., 2005). In contrast, iNOS mRNA is bound by the 
HuR protein upon cytokine-mediated induction of iNOS expression and this leads to 
mRNA stabilization by blocking KSRP-mediated mRNA decay (Linker et al., 2005). 
Similarly, the potentiating effect of IFNγ on LPS-induced iNOS expression was 
found to depend on mRNA stabilization (Lorsbach et al., 1993; Weisz et al., 1994). 
In contrast to the interaction of iNOS mRNA with proteins regulating its stability, no 
significant interaction of iNOS mRNA and non-coding RNAs was found (Pautz et 
al., 2010). 
 
Fig. 5: Schematic representation of signaling pathways leading to iNOS expression and NO 
production in macrophages. 
The iNOS protein was shown to be degraded by proteasome (Musial and 
Eissa, 2001), where proteasomal degradation of iNOS is mediated by caveolin-1 
binding and subsequent aggregation (Felley-Bosco et al., 2002; Felley-Bosco et al., 
2000). iNOS is also targeted for degradation after its phosphorylation by Src tyrosine 
iNOS transcription 
















kinase (Hausel et al., 2006). The degradation of iNOS is the main way of the 
termination of the NO production, in contrast to ROS production. 
In addition to iNOS expression regulation, NO production by iNOS can be 
influenced by substrate accessibility. iNOS competes for its substrate above all with 
arginases (Gotoh and Mori, 1999; Chang et al., 1998). Arginases consume L-arginine 
and produce urea. This serves as a paracrine messenger that inhibits the innate 
immune response (Satriano, 2004). 
Regulation of iNOS by cAMP-provoked signaling is a crucial physiological 
process. The effects of cAMP on iNOS expression were previously reviewed by 
Galea et al. (Galea and Feinstein, 1999) and cAMP was found to induce iNOS 
expression in most cell types. In myeloid cells, however, cAMP was shown to inhibit 
iNOS expression by a so far uncharacterized mechanism. Recently, cAMP was 
shown to both inhibit iNOS gene transcription (Koide et al., 2003; Pang and Hoult, 
1997) and to induce iNOS protein degradation (Chang et al., 2013). These sharp 
differences in cAMP effects on iNOS protein expression and stability prompted us to 




5.2. Regulation of innate immunity by cAMP 
The cyclic nucleotide 3'-5'-cyclic adenosine monophosphate (cAMP), the first 
described second messenger, was discovered already in 1968 by Dr. Earl W. 
Sutherland. Biological processes mediated by this second messenger include 
memory, metabolism, gene regulation, and immune function (Beavo and Brunton, 
2002). 
In eukaryotes, cAMP is produced by Adenylyl Cyclase enzymes (AC; EC 
4.6.1.1) after stimulation of the G Protein-Coupled Receptor (GPCR). Ligand 
binding to GPCRs provokes exchange of GDP to GTP in the heterotrimeric G 
proteins, which leads to dissociation of Gα subunit from the rest of the complex. The 
free Gα subunit stimulates AC to catalyze the cyclization of ATP to yield cAMP and 
release of pyrophosphate (Kamenetsky et al., 2006). The reaction yielding cAMP 
production by AC is shown in Fig. 6A. Ten isoforms of AC enzymes were described 
in eukaryotes up to now. Nine of them are anchored into the plasma membrane by 
transmembrane helices, while the last isoform is soluble in the cytoplasm and may 
bind to cytoplasmic vesicles or mitochondria through interaction with the scaffolding 
proteins (Valsecchi et al., 2014). 
The action of AC is opposed by phosphodiesterases (PDE) that degrade 
intracellular cAMP as shown in Fig. 6B. There are 11 distinct PDE families, whose 
expression is tissue-specific. Moreover, ACs and PDEs can be localized to different 
spatial compartments within the cell, so that the presence of cAMP can be further 




Fig. 6: Schematic representation of cAMP production and degradation. A. Adenylyl Cyclase 
enzymes (AC) catalyze the cyclization of adenosine triphosphate (ATP) into 3'-5'-cyclic adenosine 
monophosphate (cAMP). Pyrophosphate (PPi) is created as a side product of this reaction. B. On the 
other hand, cAMP is hydrolyzed in the reaction catalyzed by phosphodiesterases. 
Another level of complexity and regulation is obtained by diverse cAMP effector 
molecules. Binding of cAMP to regulatory subunits of PKA leads to dissociation of 
the catalytic subunit, which is then free to phosphorylate serine and threonine 
residues in its target consensus sequence (-RRXS/T- where X stands for any amino 
acid). The transcription factor cAMP response element-binding protein (CREB) 
often serves as an example of a PKA-targeted protein. The spatial specificity of PKA 
signaling is achieved by its binding to the A-kinase-anchoring proteins (AKAPs) at 
various subcellular locations. AKAPs were also shown to bind PDEs, as well as other 
cAMP effectors (McConnachie et al., 2006), thereby enabling formation of discrete 
subcellular pools of cAMP and of its effectors within a cell. Alternative (PKA-
independent) cAMP effectors, including cyclic nucleotide-gated channels and the 
exchange protein directly activated by cAMP (Epac), have also been identified 
(Kopperud et al., 2003). Their roles in mediating a variety of cellular functions are 
still emerging. The only direct effector of Epac seems to be the small GTPase Rap1. 
The PKA and Epac proteins may have redundant, independent, or even opposing 














in human myeloid phagocytes yet (www.proteinatlas.org). The general structure of 
cAMP signaling pathway is shown in Fig. 7. 
 
Fig. 7: General structure of the cAMP signaling pathway. cAMP is produced from ATP by AC 
enzymes and is degraded by phosphodiesterases a shown earlier in Fig. 6. Activity of AC is driven by 
heterotrimeric G proteins after their stimulation by GPCR. cAMP acts directly on three targets: PKA, 
Epac, and CNGCs, which are, however, not expressed by myeloid cells. PKA and Epac in turn 
regulate various cellular processes both directly and through intermediaries. For clarity, only limited 
number of pathways mediated by PKA and Epac are depicted in this figure. ATF1, activating 
transcription factor 1; C, protein kinase A catalytic subunit; CNGC, cyclic nucleotide–gated ion 
channel; CREB, cAMP response element–binding protein; CREM, cAMP response element 
modulator; ERK1/2, extracellular signal–related kinase 1/2; JNK, Jun N-terminal kinase; PDE, 
phosphodiesterases; PKA, protein kinase A; R, protein kinase A regulatory subunit. Reprinted from 
(Murray, 2008). 
Increased cAMP concentration inhibits killing capacities of myeloid phagocytic 
cells towards bacteria (Aronoff et al., 2005; O'Dorisio et al., 1979; Serezani et al., 
2007), viruses (Nokta and Pollard, 1992), fungi (Fulop et al., 1985), and eukaryotic 
parasites (Wirth and Kierszenbaum, 1984). This includes the blocking of ROS and 
RNS production as well as the blocking of phagosomal acidification. The PKA as 
well as Epac activation was shown to inhibit production of ROS due to the blocking 
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of NADPH complex assembly by an as yet undefined mechanism (Bengis-Garber 
and Gruener, 1996; Wang et al., 2014). Inhibition of production of RNS by a cAMP-
dependent mechanism was also observed in myeloid cells but the mechanism has not 
been elucidated (Koide et al., 1993; Messmer and Brune, 1994; Pang and Hoult, 
1997). This seems to be specifically due to PKA (Galea and Feinstein, 1999). The 
fine-tuned balance between PKA, Epac and PDE4 also appears to regulate the 
phagosomal acidification and maturation (Brock et al., 2008; Kalamidas et al., 2006; 
Pryzwansky et al., 1998). Indeed, increased cAMP concentration was also shown to 
inhibit phagocytosis. Elevation of intracellular cAMP level suppresses CR-, FcR-, 
and scavenger receptor–mediated phagocytosis. This seems to be due to a 
combination of PKA and Epac signaling (Atkinson et al., 1977; Makranz et al., 2006; 
Nambu et al., 1989). The role of Epac in inhibition of phagocytosis could consist in 
the activation of phosphatases, such as PP2A and PTEN (Canetti et al., 2007; Hong 
et al., 2008). Several examples of modulation of antimicrobial actions by bacterial 
toxins are shown in Fig. 8. 
Increased cAMP concentration was also shown to inhibit expression of TNFα, 
IL-1α and -1β (Aronoff et al., 2006), interleukin-12 (van der Pouw Kraan et al., 
1995), and the pro-inflammatory lipid mediator leukotriene B4 (Luo et al., 2004). In 
contrast, cAMP was shown to enhance production of anti-inflammatory IL-10 
(Aronoff et al., 2006) and stimulates expression of the Suppressor Of Cytokine 
Signaling (SOCS) 3 transcription factor (Gasperini et al., 2002). The exact 
mechanism of how cAMP modulates production of cytokines remains unknown. It, 
however, seems likely that both PKA and Epac are involved (Aronoff et al., 2006; 
Xu et al., 2008). 
Finally, the immunosubversive effects of cAMP are widely used in the clinical 
practice. For example, GPCR ligands stimulating cAMP production are used in the 
treatment of pulmonary arterial hypertension. In contrast, the nonsteroidal anti-
inflammatory drugs were shown to inhibit PKA (Zentella de Pina et al., 2007), which 
may explain their beneficial effects on the microbial clearance (Aronoff et al., 2004; 




Fig. 8: The regulation of cyclic AMP (cAMP) levels by bacterial toxins. In addition to regulation 
of AC enzymes by heterotrimeric G protein, the production of cAMP is also regulated by microbial 
pathogens. Pertussis toxin and cholera toxin cause elevated cAMP levels through ADP-ribosylation of 
either the Gαi subunit to prevent its inhibition of AC or of the Gαs subunit to constitutively activate 
AC, respectively. On the other hand, adenylate cyclase toxin and edema factor are AC produced by 
bacteria and delivered into the eukaryotic cells. Phosphodiesterases (PDEs), which degrade cAMP to 
AMP, are another regulator of intracellular cAMP levels. PDE inhibitors [such as 3-isobutyl-1-
methylxanthine (IBMX)] prevent such degradation, resulting in accumulation of intracellular cAMP. 
The downstream signaling of cAMP is mediated by its interactions with effector molecules, protein 
kinase A (PKA) or exchange proteins directly activated by cAMP (Epac). Both PKA and Epac have 
been shown to modulate phagocyte functions. Depicted here is a pattern demonstrated for alveolar 
macrophages in which specific antimicrobial functions are differentially regulated by particular cAMP 




5.3. Whooping cough disease 
Whooping cough, also known as pertussis, is a highly contagious respiratory 
disease affecting especially young children and non-vaccinated newborns and 
infants. Adolescents and adults are often serving as carriers and thus as a reservoir 
for cyclic outbreaks of the disease (Birkebaek et al., 1999; Rocha et al., 2015). The 
disease is caused by Gram-negative bacteria from the genus Bordetellae (Mattoo and 
Cherry, 2005). In humans, the most severe form of pertussis is caused by the strict 
human pathogen B. pertussis, whereas B. parapertussis and B. bronchiseptica cause 
a milder disease. In animals, the disease is caused mainly by B. bronchiseptica, 
although sheep-specific B. parapertussis was also identified (Porter et al., 1994). 
In the year 2013, about 16 million pertussis cases occurred worldwide, 
accounting for about 195,000 deaths of children per year. Despite the generally very 
high intake of pediatric pertussis vaccines, pertussis is ranked among the 10 leading 
causes of childhood mortality (http://www.cdc.gov/pertussis/countries.html; 
http://www.who.int/immunization_monitoring/diseases/pertussis/en/). 
B. pertussis can be transmitted by aerosol, without any need for direct physical 
contact between infected and naïve host (Warfel et al., 2012a; Warfel et al., 2012b). 
In the course of the incubation period of 9–10 days, the causative agent of whooping 
cough colonizes the ciliated epithelium of nasopharynx and trachea. Patients develop 
catarrhal symptoms including a cough and other flu-like symptoms typically without 
any rise in body temperature. This is called the catarrhal phase. About 1 to 2 weeks 
post infection, coughing paroxysms ending in the characteristic whoop may occur, 
indicating the beginning of the paroxysmal phase. The paroxysmal coughing is 
associated with tenacious mucus, but the production of purulent sputum does not 
occur. Beyond the paroxysmal cough, several systemic symptoms can occur such as 
posttussive vomiting, causing dehydration and malnutrition; lymphocytosis; 
alteration of neurologic functions (confusion and loss of consciousness); and 
dysregulated secretion of insulin. Interestingly, between paroxysms the patient may 
appear normal without any respiratory distress. The paroxysmal stage lasts for 2 to 8 
weeks and sometimes longer. The transition to the convalescent stage is gradual and 
is associated with an initial decrease in the frequency of the paroxysms and 
subsequently a decrease in the severity of the events as well (Mattoo and Cherry, 
2005). During the convalescent phase, the paroxysmal cough can last for a number of 
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weeks after the infection has been cleared. The infection is typically well localized 
and only rarely disseminates from the respiratory tract. 
In severe cases, the disease results in pediatric intensive care unit admission or 
death. This is called as a “critical pertussis” and occurs typically in early infancy 
prior any vaccination (Berger et al., 2013). These children often develop 
bronchopneumonia connected with intractable pulmonary hypertension (while 
having systemic hypotension) and respiratory failure, which responds inadequately to 
advanced ventilation maneuvers (Paddock et al., 2008). During the initial stages, 
infiltration of the mucosa by lymphocytes and polymorphonuclear leukocytes occurs, 
suggesting that the initial pulmonary lesion in pertussis is a lymphoid hyperplasia of 
peribronchial and tracheobronchial lymph nodes. Children with white blood cell 
count greater than 50,000 × 10
9
/l had nearly a ten times higher risk of death (Berger 
et al., 2013). In line with this finding, it was shown that 80% (four of five) of patients 
with critical pertussis, pulmonary hypertension, and leukocytosis survived, when 
treated with leukoreduction therapy (Rowlands et al., 2010). In contrast, this therapy 
did not offer a clear therapeutic advantage in a study on large cohort of patients 
(Berger et al., 2013). 
The lung infiltration by leukocytes is followed by a necrotizing process that 
affects the midzonal and basilar layers of the bronchial epithelium (Mattoo and 
Cherry, 2005). The necrotizing process is, together with the leukocytosis, the cause 
of pulmonary hypertension (Paddock et al., 2008), which may result in right-sided 
heart failure or fatal cardiac arrhythmias (Rocha et al., 2015). In addition, 
encephalopathy associated with pertussis infection occurs in 0.5–1% of all cases 
(Hiraiwa-Sofue et al., 2012). However, the aetiology of central nervous system 
complications is not fully understood. The mortality rate of all infant pertussis 
infection is about 1%, with more than half of the deaths occurring in infants below 
two months of age (Haberling et al., 2009). Infants who are younger than six weeks 
have the worst prognosis (83.6% case fatality rate) (Rocha et al., 2015). 
The pulmonary histopathologic examination of the samples obtained from dead 
infants with confirmed B. pertussis pneumonia revealed an abundant presence of 
extracellular bacteria in cilia of the trachea, bronchi, and bronchioles, as well as 
intracellular bacteria and antigens in alveolar macrophages and ciliated epithelium 
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(Paddock et al., 2008). Histopathologic features of necrotizing bronchiolitis, 
bronchopneumonia, pulmonary hemorrhage and edema were also observed (Sawal et 
al., 2009). Most samples showed damaged tracheal mucosa with extensive loss of 
cilia, denuded and attenuated epithelium, and moderate-to-marked squamous 
metaplasia (Paddock et al., 2008). 
The reader is further referred for more details to several reviews discussing 
whooping cough pathogenesis, virulence factors, and vaccination strategies (Hewlett 




5.4. Bordetella pertussis 
The Gram-negative, aerobic coccobacillus Bordetella pertussis is one of nine 
species of the genus Bordetella. Besides B. pertussis, the B. parapertussis and B 
bronchiseptica species are of great medical and economical interest as well. B. 
pertussis was originally isolated by Bordet and Gengou in 1906. 
According to phylogenetic analyzes, B. pertussis and B. parapertussis evolved 
independently from a B. bronchiseptica-like ancestor (Diavatopoulos et al., 2005; 
Gerlach et al., 2001; Park et al., 2012). The process of speciation of B. pertussis and 
B. parapertussis to the human-restricted niche was accompanied by large-scale gene 
loss, the accumulation of pseudogenes and of insertion elements (Parkhill et al., 
2003). In line with this, the genome of B. pertussis encodes only 11 species-specific 
genes (Cummings et al., 2004). A schematic representation of the phylogenetic 
relationships within the B. bronchiseptica cluster is depicted in the Fig. 9. 
 
Fig. 9: Schematic representation of phylogenetic relationships within the B. bronchiseptica 
cluster. The cluster was devised based on the distribution of insertion elements and MLEE described 
previously by van der Zee and co-workers (van der Zee et al., 1997). In some lineages the frequency 
of isolation from particular host species is indicated. The acquisition and loss of genetic elements in 
different lineages is marked by arrows. Reprinted from (Gerlach et al., 2001). 
5.4.1. Virulence regulation 
The genes required for the virulence of Bordetellae are mainly regulated by a 
two component BvgAS system. Their expression defines the virulent phase of 
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Bordetellae, while it was shown that the nonvirulent phase is needed for the survival 
of nutrition limitation in B. bronchiseptica (Porter et al., 1991). The existence of a 
similar phase in the lifestyle of B. pertussis is a matter of discussion (Byrd et al., 
2013; Mattoo and Cherry, 2005; Veal-Carr and Stibitz, 2005). The nonvirulent phase 
(Bvg
-
) is characterized by the expression of virulence repressed genes (vrgs), such as 
those needed for flagella synthesis and motility in B. bronchiseptica. In B. pertussis, 
the Bvg
-
 phase can be induced by physical and chemical modulators. Virulence is 
repressed upon cultivation at temperatures below 25°C. The presence of high sulfate 
concentrations (5 – 50 mM) or of nicotinic acid serves as an example of chemical 
modulators. In contrast, the shift in temperature to 37°C induces the virulent phase 
(Bvg
+
), at which the vrgs are not expressed and the expression of virulence activated 
genes (vags) starts. During the shift from nonvirulent to the fully virulent phase, the 
intermediary phase (Bvg
i
) is characterized by the expression of early response genes, 
such as BipA or genes involved in the adhesion to host cells (filamentous 
hemagglutinin and fimbriae). 
The two-component regulatory system BvgAS transfers the signal from the 
periplasmic space sensor domain of BvgS to the DNA binding regulator BvgA 
(Decker et al., 2012). The transmembrane sensor kinase BvgS undergoes 
autophosphorylation on H729 upon sensing the activation signal (Uhl and Miller, 
1994). The phosphate group is subsequently transferred to D1023 and H1172 (Uhl 
and Miller, 1996). Finally, the phosphate group is transferred from BvgS to the D54 
residue in the receiver domain of the response regulator protein BvgA (Boulanger et 
al., 2013). Phosphorylation of BvgA leads to its dimerization and increased binding 
to sites upstream of bvg-activated promoters (Boucher et al., 1994). 
Beside temperature, the natural signals sensed by the BvgAS regulatory 
system remain unknown. It is plausible to hypothesize, however, that the sensing of 
sulfate released from mucus during bacterial presence may be used by Bordetellae to 
fine-tune the production of virulence factors. A schematic representation of the 





Fig. 10: Schematic representation of phosphorelay in the BvgAS two-component system. A. 
Upon the detection of the periplasmic stimulus, BvgS undergoes autophosphorylation. The phosphate 
group is subsequently relayed along the BvgS molecule and finally to BvgA. Phosphorylated BvgA 
then activates transcription of a number of genes. This Bvg-active state is referred to as the 
Bvg
+
 phase. B. Without stimulation of BvgS phosphorylation, the bacteria are in the so called Bvg
-
 
phase and express a set of Bvg
-
 phase-specific genes. With low BvgA activation, an intermediate 
phase (Bvg
i
) was observed. With increasing BvgA activity, the bacteria shift into a Bvg
+
 phase. The 
figure lists examples of factors that are expressed at each Bvg phase. Vrg, vir-repressed genes. 
(Preston et al., 2004) 
Additional regulatory systems were identified to play a role in the expression 
of some virulence factors of B. pertussis. Among these systems, regulation by iron 
availability (Brickman et al., 2011) and a CO2 sensory systems (Hester et al., 2012) 
were identified, but not yet fully described. Additional regulatory circuits are likely 
to be yet discovered. 
5.4.2. Virulence factors 
B. pertussis produces a broad spectrum of virulence factors, which can by 
roughly divided into three groups: complement resistance factors, adhesins, and 
toxins. The main complement resistance factors are autotransporters Bordetella 
resistance to killing A (BrkA) and Vag8. Among adhesins, filamentous 
hemagglutinin (FHA), pertactin (PRN), tracheal colonization factor (Tcf), and 
fimbriae are the most studied. Among the characterized toxins are dermonecrotic 
toxin (DNT), tracheal cytotoxin (TCT), pertussis toxin (PTX), and above all 
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adenylate cyclase toxin (CyaA, ACT). The schematic representation of B. pertussis 
and its virulence factors is shown in Fig. 11. 
 
Fig. 11: Virulence factors of Bordetella pertussis. B. pertussis is depicted as a Gram-negative 
organism with inner and outer membranes (IM and OM), a periplasm and a capsule. The adhesins 
Fim, FhaB, pertactin, Tcf, BrkA, Vag8 and Bats are shown in blue; the toxins PTX, CyaA and DNT 
are in red; the accessory proteins FhaC, FimB, FimC, Type III, Type IV and Type I are in grey; the 
iron uptake systems ExbB/ExbD, TonB, FauA, BfeA and Bfrs are in green; and the regulatory 
systems BvgA, BvgS and BvgR are in beige. The large brown arrows represent the orientation of 
export and import of virulence factors and siderophores, respectively. The thinner brown arrows show 
the phosphorelay and the regulation circuit. Reprinted from (Locht et al., 2001). 
Complement resistance factors 
 BrkA reduces C4 and C3 deposition on the bacterial surface and, 
subsequently, the formation of membrane attack complex, thus inhibiting the 
classical pathway of complement activation (Barnes and Weiss, 2001). This 
autotransporter also mediates bacterial attachment to host cells and thus 
serves as an adhesin (Fernandez and Weiss, 1994). 
 Vag8 was identified as a C1 Esterase Inhibitor (C1-inh) binding protein. C1-
inh binding by B. pertussis inhibits its targeting by classical and lectin 
complement pathways (Marr et al., 2011). The expression of Vag8 was 
shown to be under the control of BvgAS (Marr et al., 2007). 
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 B. pertussis was also shown to bind the C4b-binding protein, an inhibitor of 
the classical complement pathway, through its interaction with FHA 
(Berggard et al., 1997). This, however, does not protect B. pertussis from 
complement-mediated killing (Fernandez and Weiss, 1998). 
 B. pertussis also binds the proteins of the factor H (fH) family of negative 
regulators of alternative complement pathway. This contributes to bacterial 
resistance to complement-mediated killing (Amdahl et al., 2011) that, 
however, is not due to the fH-mediated inhibition of C3b (Meri et al., 2013). 
 B. pertussis further produces the Bps exopolysaccharide belonging to the 
family of β-(1-6)-linked polymeric-N-acetylglucosamine polysaccharides. 
Bps was shown to participate in biofilm formation in respiratory tract of 
infected mice (Sloan et al., 2007) and to be essential for the early phases of 
colonization of the respiratory tract of mice (Conover et al., 2010; Geurtsen et 
al., 2014). Although the role of Bps in human infection is not clear, Bps 
production was shown to inhibit the deposition of complement proteins 
during the colonization of mice (Ganguly et al., 2014). 
Adhesins 
 Filamentous hemagglutinin belongs to be the main adhesins of Bordetellae. 
This large rode-shaped protein was shown to mediate the adhesion of B. 
pertussis to several non-ciliated eukaryotic cell types in vitro (Alonso et al., 
2001; Inatsuka et al., 2005). FHA was proposed to bind several integrins, 
such as the very late antigen V (VLA-5, CD49e/CD29, α5β1) and the 
complement receptor 3 (CR3, CD11b/CD18, Mac-1, αMβ2) were identified. 
These integrins interact with the RGD (Arg-Gly-Asp) motif of FHA (Van 
Strijp et al., 1993). The exact role of FHA and its interaction partners in vivo 
remains, however, to be elucidated and was recently questioned (Villarino 
Romero et al., 2014). 
 Tracheal colonization factor harbors an RGD motif (Finn and Stevens, 1995) 
suggesting a similar role in adhesion as is for FHA. 
 Pertactin is a member of the classical autotransporter family of the outer 
membrane proteins (Henderson et al., 2004). Its expression was shown to be 
regulated by a CO2 response element (Hester et al., 2012). PRN protein also 
completely disappeared from B. bronchiseptica after deletion of gene for 
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protein BspR, which is involved in the iron-responsive regulation of 
Bordetella virulence (Kurushima et al., 2012). Although PRN was shown to 
mediate the bacterial adherence to ciliated epithelial cells in the model of 
rabbit tracheal rings (Edwards et al., 2005), no conclusive results on the target 
were obtained in the mouse model of infection (Khelef et al., 1994). In recent 
years, B. pertussis strains not expressing PRN were frequently isolated from 
patients (Pawloski et al., 2014) suggesting that PRN is not essential for 
infection in vivo. 
 Fimbriae expressed by B. pertussis are type I pili. Fimbriae consist of Fim2 or 
Fim3 proteins, the expression of which can undergo phase variation (Willems 
et al., 1990). FimX, FimY, and FimN, other structural fimbrial proteins, were 
identified and are homologues to Fim 2 and Fim3 (Kania et al., 2000; Mooi et 
al., 1992; Pedroni et al., 1988). The tip adhesin protein FimD was described 
later (Willems et al., 1992). Fimbriae were shown to mediate the adherence of 
Bordetellae to ciliated epithelium in the rabbit tracheal ring model (Edwards 
et al., 2005; Funnell and Robinson, 1993) and in the mouse respiratory tract 
(Geuijen et al., 1997; Mattoo et al., 2000). 
Toxins 
 Dermonecrotic toxin activity was described using a subcutaneous injection of 
purified protein that yields the necrotic lesions in a mouse model (Cowell et 
al., 1979). DNT exhibits a transglutaminase activity that can activate small 
GTPases from the Rho family (Horiguchi et al., 1995; Schmidt et al., 1999). 
DNT is, however, not secreted from bacteria in culture, and would be 
released by lysing cells (Cowell et al., 1979; Nakai et al., 1985). 
 Tracheal cytotoxin is released during bacterial cell wall remodeling as a 
disaccharide-tetrapeptide monomer of peptidoglycan (Cookson et al., 1989). 
It stimulates, synergistically with bacterial lipooligosaccharide (LOS), the 
secretion of proinflammatory cytokines (TNFα, IL-1β, and IL-6) and the 
expression of inducible nitric oxide synthase (iNOS). Subsequent NO 
production would damage ciliated cells in an infected trachea (Flak and 
Goldman, 1999; Heiss et al., 1993). In mice, TCT is recognized by NOD1. 
However, TCT is efficiently recognized only by rodent NOD1 and not by 
human NOD1 (Magalhaes et al., 2005). There are only a few histology 
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specimens from infected humans available, but their examination indicated 
that the epithelial layer in these samples appear to be intact despite the 
presence of a biofilm of B. pertussis. This supports the possibility that TCT 
does not play a role in human pertussis.  
 The pertussis toxin is an ADP-rybosilating toxin of the AB5 toxin family 
(Stein et al., 1994a). Due to mutations accumulated in the promoter region in 
B. parapertussis and B. bronchiseptica, PTX is expressed only in B. pertussis 
(Arico and Rappuoli, 1987). The catalytic subunit A and five receptor-
binding subunits B form a complex in the bacterial periplasmic space and, 
subsequently, are secreted using the type 4 secretion system (Kotob et al., 
1995). PTX binds to sialic acid-containing glycoproteins (Locht et al., 2011; 
Stein et al., 1994b) and is endocytosed. It follows the retrograde transport 
pathway to the endoplasmic reticulum (el Baya et al., 1999). From the 
endoplasmic reticulum, the catalytic subdomain translocates into the 
cytoplasm (Worthington and Carbonetti, 2007), where the A (S1) subunit of 
PTX catalyzes ADP-ribosylation of the α-subunit of trimeric G proteins. This 
leads to the accumulation of cAMP in the target cell upon receptor 
stimulation by exogenous stimulus (Graf et al., 1992). PTX can enter the 
blood flow and acts systematically. It probably accounts for the 
hyperleukocytosis characteristic for malignant pertussis (Morse and Morse, 
1976). PTX action inhibits migration of neutrophils and lymphocytes in vitro 
(Spangrude et al., 1985), as well as chemokine production by macrophages 
(Andreasen and Carbonetti, 2008). PTX also inhibits phagocytosis by human 
monocytic cells (Schaeffer and Weiss, 2001). The primary targets for PTX in 
human infection thus probably are airway macrophages (Carbonetti et al., 
2007). 
During natural infection, B. pertussis also expresses the type 3 secretion system 
(T3SS) (Fennelly et al., 2008). T3SS enables bacterial pathogens to inject their 
effectors directly into the target cell across plasma membrane. The general schematic 




Fig. 12: Schematic representation of type III secretion system structure and function. The T3SS 
is composed of a basal body, a needle structure, and a needle tip complex. The basal body spans the 
bacterial inner and outer membranes. Once the basal body is assembled, it becomes a functional 
secretion system. The needle subunit is then targeted for secretion through the basal body, and forms a 
hollow extracellular appendage extending up to 60 nm from the bacterial outer membrane. The needle 
tip protein is secreted next and assembles at the apex of the needle. Upon host cell contact, the 
hydrophobic translocator proteins are secreted through the T3SS. The tip complex is then thought to 
insert the translocator proteins into the host membrane, forming a pore. Finally, partially unfolded 
effector proteins are translocated through the fully assembled T3SS into the cytoplasm of host cell, 
where they interfere with host defense mechanisms. Adapted from (Duncan et al., 2012) 
Five genes potentially encoding proteins secreted by T3SS were identified in the 
genome of B. pertussis – BopN, BopB, BopD, BopC, and Bsp22 (Fennelly et al., 
2008). Bsp22 forms the tip of the complex. This protein is massively produced and is 
highly immunogenic in the course of mouse infection by B. bronchiseptica 
(Medhekar et al., 2009). We have, however, not found anti-Bsp22 antibodies in the 
sera of human patients infected by B. pertussis. Similarly, despite the induction of 
high anti-Bsp22 antibody titers, Bsp22 did not serve as a protective antigen in the 
mouse model of B. pertussis infection (Villarino Romero et al., 2013). BopB and 
BopD are translocator proteins and assemble into a pore in the plasma membrane of 
the target cell. BopC (also called as BteA) and BopN are effector proteins: 
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 BopC is an effector of T3SS in B. bronchiseptica, which is cytotoxic on a 
broad range of host cell types (French et al., 2009). Although BopC is a 
monomeric protein, the N-terminal domain enables BopC to form oligomers 
at higher protein concentrations (Guttman et al., 2013). The sequence of 
BopC is highly conserved among B. pertussis, B. parapertussis, and B. 
bronchiseptica, which suggest the same mode of action in infection by these 
bacteria (French et al., 2009). 
 BopN modulates the nuclear translocation of NF-κB. During the inhibition of 
the translocation of the p65 subunit, the translocation of p50 NF-κB subunit is 
activated by BopN. Moreover, BopN is itself also able to translocate to the 
nucleus of the target cell, where it induces the expression of IL-10. In this 





5.5. Adenylate cyclase toxin and its interaction with host 
immune functions 
In the year 1976, a multifunctional adenylate cyclase toxin-hemolysin of 
Bordetellae was discovered by E. L. Hewlett (Hewlett et al., 1976). Since then, it has 
been shown to be a crucial virulence factor of Bordetella pertussis. The toxin binds 
the Complement Receptor 3 (also known as the integrin CD11b/CD18, as αMβ2, or 
Mac-1) expressed by the myeloid cells of the innate immune system, such as 
monocytes, macrophages, dendritic cells, or neutrophils (Guermonprez et al., 2001). 
The importance of CyaA for whooping cough pathogenesis was first 
recognized by Goodwin et al., who showed that B. pertussis mutants lacking CyaA 
were cleared rapidly from the respiratory tract of infected mice (Goodwin and Weiss, 
1990). 
5.5.1. From gene to CyaA secretion 
Production of the toxin is encoded in the cyaA locus. The adenylate cyclase 
toxin-hemolysin gene cyaA is transcribed as the first gene of the cyaABDE operon, 
where the cyaB, D and E genes encode components of type 1 secretion system 
responsible for CyaA secretion. The promoter for the cyaA gene was mapped in the 
position 115 nucleotides upstream of the cyaA start codon. Another promoter was 
identified upstream of the cyaB gene (Laoide and Ullmann, 1990). The importance of 
the second promoter is highlighted by the fact that most transcripts from the cyaA 
promoter are terminated in the intergenic region between cyaA and cyaB genes, 
thereby leading to monocistronic transcripts. In contrast to the cyaA promoter, 
regulated by BvgAS two-component system, the cyaBDE promoter seems to display 
a low but constitutive activity (Laoide and Ullmann, 1990). The fifth gene of the 
cyaA locus, cyaC, is located upstream to cyaA and is transcribed in the opposite 
orientation to the cyaA gene, from the second DNA strand. The cyaC gene encodes 
an acyl transferase enzyme that is necessary for the posttranslational activation of 
CyaA (Barry et al., 1991). The cyaA and the cyaC genes are expressed from different 




Fig. 13: Schematic structure of CyaA locus. cyaA, cyaB, cyaD, and cyaE genes are transcribed in 
the same direction and in part from the same promoter. Another promoter allows separate 
transcription of cyaB, cyaD, cyaE genes encoding the secretion machinery. The gene for toxin-
activating acyltransferase cyaC is transcribed from a separate promoter in the opposite direction to the 
other genes of the locus. Arrows represent the promoters and the direction of transcription. 
The main regulator of CyaA expression is the two-component system BvgAS. 
Transcription of the cyaA gene has, however, been found to be regulated to some 
extent also by a CO2 responding element unrelated to BvgAS (Hester et al.). 
Phosphorylated BvgA binds to several sites in the region between base pairs -137 
and -51 upstream of the cyaA transcriptional starting site (Karimova et al., 1996). 
The major BvgA-P binding site is then located between nucleotides -100 and -80, 
providing subsequent cooperative binding of other BvgA molecules to the 
neighboring low-affinity binding sites (Karimova and Ullmann, 1997). Despite the 
cooperative binding, BvgA-P has still a rather low affinity to the cyaA promoter as 
compared to promoters of other Bordetella virulence genes. As a result, other 
virulence factors are expressed earlier after Bordetella infection and cyaA is thus 
among the so called “late-response” genes. 
In addition to the known BvgAS-mediated regulation on the transcriptional 
level, regulation of CyaA expression by sRNA in the presence of the RNA chaperon 
Hfq has recently been described in our laboratory. Although there is the same 
amount of cyaA mRNA transcribed in a Δhfq mutant as in the wild-type bacteria, the 
amount of CyaA protein is lower in the Δhfq mutant. This suggests a regulation of 
CyaA expression on the level of mRNA stabilization (Bibova et al.; 2013). 
After the translation of CyaA and its posttranslational acylation by CyaC, the 
CyaA toxin molecule is secreted by the Type 1 Secretion System (T1SS). T1SS is 
composed of three components, comprising an ABC (ATP-binding cassette) 
transporter incorporated as a polytopic protein into the inner bacterial membrane 
(called CyaB in Bordetellae); a membrane fusion protein (MFP) extending from the 
inner membrane into periplasm (called CyaD in Bordetellae); and a protein of the 
CyaC CyaA CyaB CyaD CyaE 
 
 37 
TolC family (OMP) that spans into periplasm from the outer membrane (called CyaE 
in Bordetellae) (Delepelaire, 2004; Holland et al., 2005; Thomas et al., 2014). The 
secretion signal of CyaA (as well as in case of other T1SS substrates) is located at 
the C-terminal part of the toxin molecule and remains unprocessed after secretion 
(Mackman et al., 1987; Masure et al., 1990; Sebo and Ladant, 1993). The interaction 
of the secreted protein with the ABC transporter of T1SS triggers hydrolysis of ATP 
and provokes a power stroke that enables insertion of the secreted protein into the 
T1SS conduit (Koronakis et al., 2000; Letoffe et al., 1996; Thanabalu et al., 1998). 
This is followed by a series of events that lead to reorganization of the periplasmic 
domain of the MFP and conformational changes within the transmembrane domain 
of the ABC transporter, so as to yield recruitment of the trimeric OMP component of 
the T1SS translocator. Once the C-terminus of the translocated polypeptide emerges 
from the outer opening of the T1SS conduit on the bacterial surface, a folding 
nucleus (amino acid residues 1636 to 1642) would form a structure that initiates and 
scaffolds Ca
2+
-ion binding-dependent folding of the extruded RTX repeat block 
segment into a β-roll structure (Bumba et al., under revision). In parallel, the total 
proton motive force was shown to be required at an early but not at late stage of RTX 
proteins (Koronakis et al., 1991). 
At conditions of limited Ca
2+
 concentration, most of secreted CyaA molecules 
remain associated with the filamentous hemagglutinin on the bacterial surface after 
secretion, and exhibit no toxin activity. They also exhibit no capacity to penetrate 
target cells. For this reason it appears that only the newly secreted toxin can target 
and penetrate cells acting as a “contact weapon” under such conditions (Gray et al., 
2004; Zaretzky et al., 2002). In contrast, at 2 mM Ca
2+
 concentration typical for body 
fluids, CyaA appears to be efficiently exported and quantitatively released into the 
culture supernatant (Bumba et al., under revision). 
5.5.2. CyaA structure 
In the course of secretion from the bacterium, CyaA binds numerous Ca
2+
 
ions, which enables the proper folding and activity of the toxin molecule (Rhodes et 
al., 2001; Rose et al., 1995). The folding starts from the carboxy-terminus 
concomitantly with toxin secretion (Bumba et al., under revision). 
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The completely secreted and folded 1706 aa long CyaA molecule consists of 
two structurally and functionally independent domains (Glaser et al., 1988; 
Sakamoto et al., 1992). The N-terminally located adenylate cyclase (AC) domain 
(~400 aa long) is linked to the ~1,300 aa long RTX (Repeat in ToXin) moiety, where 
the hydrophobic pore-forming domain, activation domain, calcium-binding RTX 
domain, and the secretion signal for T1SS are located, respectively (Sakamoto et al., 
1992). The organization of the CyaA molecule is schematically depicted in Fig. 14. 
 
Fig. 14: Structural organization of the 1706 residue-long Bordetella pertussis adenylate cyclase 
(CyaA) toxin molecule. The N-terminal catalytic domain of ∼400 residues is a cell-invasive and 
calmodulin-activated adenylate cyclase (AC) enzyme; T25 and T18 correspond to subdomains of AC, 
CBS represents the main calmodulin-binding site, and boxes I, II and III highlight the AC segments 
involved in catalysis. The catalytic domain is enlarged to show the recently solved three-dimensional 
structure of the ternary complex of AC with the C-terminal fragment of calmodulin and adefovir 
diphosphate, a metabolite of an anti-viral drug that tightly binds into the catalytic site of CyaA thereby 
mimicking the binding of ATP (Guo et al., 2005). The structure of the catalytic site with bound 
adefovir diphosphate (black structure) is shown in a further close-up (right). It shows that aspartates 
188 and 190 (D188 and D190), as well as histidine 298 (H298) of AC, are crucial for the binding of 
the catalytic Mg
2+
 metal ions (red balls), and asparagine 304 (N304) is involved in the positioning of 
ribose, arginine 37, and three lysine residues, K58, K65 and K84 are involved in binding the 
triphosphate of the ATP substrate of AC. Deprotonation of 3’ OH of ATP is accomplished by 
histidine 63 (H63), the central catalytic residue of AC. The last ∼1,300 residues represent an RTX 
hemolysin moiety (Hly) of CyaA. This harbors the hydrophobic domain forming cation-selective 
membrane pores (a), the acylated domain (b), where post-translational activation of the pro-toxin is 
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accomplished through CyaC-mediated covalent fatty-acylation of either of ɛ-amino groups of Lys860 
and Lys983 (Masin et al., 2005) and the RTX repeat blocks (c) binding calcium ions (∼40 Ca2+ per 
CyaA molecule) and allowing the interaction of toxin with its β2 integrin receptor CD11b/CD18 on 
myeloid phagocytic cells (El-Azami-El-Idrissi et al., 2003; Guermonprez et al., 2001). The concerted 
action of these segments allows toxin interaction with and the translocation of the AC domain across 
target cell membranes. Reprinted from (Vojtova et al., 2006). 
Adenylate cyclase domain 
The adenylate cyclase (AC) domain consists of 385 amino acid residues (~40 
kDa) and its enzymatic activity is activated by the binding of eukaryotic calmodulin 
inside the host cell cytosol (Berkowitz et al., 1980; Guo et al., 2005). In this respect, 
CyaA belongs to the family of bacterial toxins activated by host calmodulin, just as 
the edema factor of Bacillus anthracis. Other bacterial toxins harboring the adenylate 
cyclase activity were also described: ExoY of Pseudomonas aeruginosa, 
extracellular adenylate cyclase of Yersinia pestis, and Vibrio vulnificus biotype 3 
multifunctional autoprocessing RTX toxin (Ahuja et al., 2004; Ziolo et al., 2014). 
Calmodulin binding to CyaA leads to the activation of AC enzyme activity by 
more than 1,000-fold, thus reaching the catalytic activity kcat ~ 2,000 s
-1
 (Ladant and 
Ullmann, 1999). The specific catalytic activity of the calmodulin-activated AC 
domain is about 3 orders of magnitude higher than the specific catalytic activity of 
host adenylate cyclases (Glaser et al., 1989; Ladant, 1988). Calmodulin binds to the 
four distinct regions of the CyaA AC domain, as shown by the crystal structure of the 
complex of the AC domain (A7 to A364) bound to the C-terminal fragment of 
calmodulin (T79 to A147) (Guo et al., 2005). All these four binding sites contribute 
to calmodulin-induced conformational change that is crucial for AC catalytic activity 
(Bouhss et al., 1993; Glaser et al., 1989; Ladant et al., 1989). Results obtained by 
limited proteolysis revealed two separate subdomains of the AC domain - T18 and 
T25 (Ladant, 1988). Although the T18 subdomain (A236 to E399) is responsible for 
calmodulin binding, the N-terminal T25 subdomain (M1 to T223) harbors the 
catalytic site of the AC enzyme (Glaser et al., 1989). The binding of calmodulin to 
the T18 subdomain leads to the assembly of a stable ternary complex with full 
catalytic activity. Amino acid substitution of W242 in T18 subdomain leads to a 
reduced affinity for calmodulin, while the catalytic activity remains fully preserved 
(Glaser et al., 1989; Ladant et al., 1989). 
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The catalytic mechanism of the AC domain activity would be deduced from 
its crystal structure in complex with adefovir diphosphate (Guo et al., 2005). Two 
aspartates (D188 and D190) and one histidine (H298) of the AC domain are crucial 
for the binding of Mg
2+
 ions, while asparagine (N304) plays a role in the positioning 
of ribose, and one arginine (R37) and three lysine residues (K58, K65, and K84) are 
required for the binding of the triphosphate of ATP. Deprotonation of 3’OH of the 
ATP substrate is accomplished by histidine (H63), the key catalytic residue of the 
AC enzyme, which is further involved in the reaction mechanism of adenylyl 
cyclization (Munier et al., 1992). The knowledge of the catalytic mechanism can now 
be used in development of inhibitors of the AC enzyme (Geduhn et al., 2011; Gentile 
et al., 1988; Gille and Seifert, 2003; Shen et al., 2004; Schuler et al., 2012; Smidkova 
et al., 2014; Soelaiman et al., 2003). 
In addition to the conversion of ATP into cAMP, the AC domain was also 
recently shown to catalyze the formation of cCMP and cUMP, and all these activities 
come from a single catalytic site (Gottle et al., 2010). Thus, cCMP and cUMP 
formation may cooperate with cAMP formation in the modulation of the immune 
responses (Anderson, 1982). 
Pore-forming domain 
The pore-forming domain of CyaA, comprised of amino acid residues 500 to 
700, accounts for the formation of cation-selective pores in the plasma membrane of 
target cells. The pore-forming domain is composed of several hydrophobic segments 
and potentially amphipathic and hydrophobic α-helical structures (Basler et al., 2007; 
Bellalou et al., 1990; Osickova et al., 1999) that form an oligomeric pore of 
approximately 0.6 to 0.8 nm in diameter (Ehrmann et al., 1991; Vojtova-Vodolanova 
et al., 2009). 
The permeabilization of target membrane for small cations by CyaA (Benz et 
al., 1994; Gray et al., 1998; Szabo et al., 1994) can result in colloid-osmotic lysis of 
erythrocytes, accounting for the hemolytic halo surrounding B. pertussis colonies on 
the blood Bordet-Gengou agar plates (Weiss et al., 1984). The specific hemolytic 
activity of CyaA is, however, relatively low in comparison with the canonical pore-
forming toxins such as the α-hemolysin of E. coli (Benz et al., 1994; Ehrmann et al., 
1991; Masin et al., 2013). The main role of the RTX moiety is thus the support of the 
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AC domain delivery, rather than cell permeabilization per se (Fiser et al., 2012; 
Rogel and Hanski, 1992; Rogel et al., 1991). 
The pore-forming capacity of CyaA is highly dependent on loading of the 
RTX domain by calcium. The minimal stimulatory Ca
2+
 concentration ranges 
between 0.6 and 0.8 mM, while the half-maximal pore-forming activity was 
observed at 2 to 4 mM Ca
2+
 (Knapp et al., 2003). Similarly, pore formation by CyaA 
is dependent on the membrane potential (Knapp et al., 2008). The pore-forming 
capacity of CyaA could be increased by deletion of 489 N-terminal amino acid 
residues (Gray et al., 2001; Masin et al., 2013). This suggests that the deletion of the 
catalytic domain, along with the additional amino acids distal to it, elicits a 
conformation of the toxin molecule that is more favorable for pore formation (Gray 
et al., 2001). Permeabilization of cells by CyaA pores elicits potassium efflux from 
cells (Osickova et al., 2010; Wald et al., 2014) and can cause lysis of target cells, 
thereby contributing to the overall cytotoxicity of CyaA (Basler et al., 2006; Hewlett 
et al., 2006; Osickova et al., 2010). 
Activation domain 
To acquire its biological activity, CyaA requires post-translational activation 
by CyaC in the so called activation domain of CyaA (Barry et al., 1991). In this 
domain, the ε-amino group of the K983 residue is palmitoylated by CyaC (Hackett et 
al., 1994). Palmitoylation of K983 was shown to be necessary and sufficient for cell-
invasive activity of CyaA on erythrocytes (Basar et al., 2001). In addition, a second 
lysine residue (K860) was found to be palmitoylated when the toxin is co-expressed 
with CyaC in E. coli (Hackett et al., 1995). This second palmitoylation was also later 
identified in CyaA expressed in recombinant B. pertussis (Havlicek et al., 2001). The 
replacement of K860 residue by an arginine (K860R) leads to decreased insertion of 
toxin into the target membrane of erythrocytes (Basar et al., 1999). Independently of 
its acylation status, lysine 860 itself appears to play a crucial structural role in 
membrane insertion and translocation of the toxin into sheep erythrocytes that do not 
possess the CD11b receptor (Basar et al., 1999). The acylation of K860 is also 
sufficient for tight CD11b/CD18 receptor binding and partial toxin activity of CyaA 
on murine macrophage-like cells. Besides of being the essential acylation residue, the 
K983 residue plays a structural role in determining the cation selectivity of CyaA 
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channels, and its acylation controls the pore-forming propensity of CyaA (Masin et 
al., 2005). 
Intriguingly, the non acylated pro-toxin (pro-CyaA) is still able to form pores 
in lipid bilayers. Although pro-CyaA creates pores with lower efficiency, the formed 
pores have the same properties as pores created by fully active CyaA (Masin et al., 
2005). Non-acylated toxin is also able to penetrate membranes of liposomes (Masin 
et al., 2004). In contrast, pores created by monoacylated K983R toxin mutant show a 
reduced selectivity for cations, when compared with the pores formed by wild-type 
CyaA (Masin et al., 2005). This supports the hypothesis that the K983 residue plays 
an important role in toxin structure. 
RTX domain and secretion signal 
The crucial structural part of CyaA is the RTX (Repeat in ToXin) domain 
consisting of the last approximately 700 amino acyl residues. The RTX domain 
encompasses five distinct repeat blocks (I to V) consisting of repetitive nonapeptides 
separated by linkers of variable length (23 to 49 amino acyl residues). Models of 
RTX domain structure were proposed based on the homology of RTX blocks with a 
similar domain of metalloproteases and lipases from Pseudomonas aeruginosa and 
Serratia spp., for which the structures were solved by X-ray crystallography 
(Baumann, 1994; Baumann et al., 1993; Hamada et al., 1996). According to these 
models, the nonapeptide repeats fold into parallel β-rolls connected by loops with 
Ca
2+
 atoms coordinated by the conserved aspartic residues and protein-backbone 
carbonyl groups. Stacking of the parallel β-rolls then builds up a right-handed helix. 
The crystal structure of the RTX block V was recently solved in our laboratory (Fig. 




Fig. 15: The X-ray structure of CyaA1529-1681. A. The N-terminal consecutive nonapeptide 
tandem repeats (GGxGxDxxx) are arranged in a regular right-handed helix of parallel β-strands (β-
roll). The first six residues of the RTX motif (GGxGxD) constitute a turn with bound calcium ion 
(yellow ball), while the last three non-conserved residues (xxx) form a short β-strand. Calcium ions 
are numbered for clarity. Residues 1636 to 1642 constituting the ‘folding nucleus’ are labeled in red. 
B. Close-up view of the CyaA1529-1681 structure. Left panel: the tertiary structure of the scaffold 
structure is formed by hydrogen bonding between the backbone chains of three antiparallel β-strands 
(not shown) that surround a hydrophobic core of the scaffold constituted by hydrophobic side chains 
of Trp1645 (magenta), Tyr1646 (orange), and Leu1640-Val1642 (red) residues. Right panel: the 





(7) are completely buried within the turns and regularly coordinated by the side chains of Asp 
residues in position 6 (Asp1588 and Asp1609) and backbone carbonyl groups of Gly residues of the 
GGxGxDxxx motif, respectively. Ca
2+
(8) is more exposed to the solvent and is coordinated by side 
chains of Asp1609 and Glu1654 along with backbone carbonyls of Gly1606 and Arg1652 and two 
water molecules. The carbon and oxygen atoms are represented in grey and red color, respectively. 
Reprinted from Bumba et al. (under revision). 
The calcium-loaded structure of the RTX domain is required for efficient 
toxin binding to target cells (Rose et al., 1995). Several parts of the RTX domain 
were shown to be crucial for proper toxin function. Deletions of two nonapeptide 
repeats at the beginning of the block III (residues 1245 to 1273) or insertion of hexa- 
or nonapeptides into a specific position (1166, 1281, 1416, 1548) strongly impaired 
toxin binding to and penetration into cells (Osicka et al., 2000). Moreover, the 
residues 1166 and 1281 within the block II and III were identified as the major 






receptor could be blocked by antibodies elicited by the immunization of mice with 
the RTX domain (Betsou et al., 1995; Wang and Maynard, 2014). Furthermore, the 
integrity of the last repeat block V (1523 to 1638) seems to be essential for toxin 
activity (Bejerano et al., 1999; Iwaki et al., 1995; Bumba et al., under revision). 
The secretion signal is located C-terminally to the RTX domain, in the last 74 
amino acid residues (1633 to 1706) (Sebo and Ladant, 1993). Deletion of this 
portion, or of the last nonapeptide repeat, or the insertion of the FLAG epitope into 
the position 1623, all resulted in the complete loss of toxin activity (Bejerano et al., 
1999; El-Azami-El-Idrissi et al., 2003; Iwaki et al., 1995). This is probably due to the 
inability of such mutants to adopt a proper conformation. This hypothesis is further 
supported by the finding that residues 1632 to 1650 are crucial for calcium-
dependent folding of the isolated CyaA1530-1680 segment (Chenal et al., 2010). 
Calcium-provoked toxin folding is a highly cooperative process (Knapp et al., 2003; 
Rose et al., 1995). 
5.5.3. Interaction with target membrane 
CyaA binds to and penetrates a broad range of eukaryotic cells of various 
origins. The interaction of CyaA with almost all cell types can be detected due to the 
extremely high specific enzymatic activity of CyaA. This enables to demonstrate the 
toxin penetration into cells as production of cAMP in the cytosol. It was shown that 
CyaA binds to sheep erythrocytes and Jurkat cells in a nonsaturable manner (Gray et 
al., 1999; Ladant and Ullmann, 1999; Rogel and Hanski, 1992), suggesting that no 
specific CyaA receptor is present on these cell types. CyaA binding to such target 
cells as well as CyaA-mediated cAMP production could be blocked by the pre-
incubation of the toxin with gangliosides (Gordon et al., 1989). In mouse respiratory 
infection with Bordetella, CyaA specifically destroys leukocytes without having any 
significant effect on epithelial cells (Gueirard et al., 1998; Harvill et al., 1999). An 
effect of CyaA on epithelial cells was, however, described later in vitro (Eby et al., 
2010). In 2001, the complement receptor 3 (CR3, CD11b/CD18, αMβ2, Mac-1) was 
finally identified as the receptor for CyaA on myeloid phagocytes (Guermonprez et 
al., 2001). The interaction of CyaA with a β2 integrin corresponds with the observed 
interaction of other RTX family members with other β2 integrins (Ambagala et al., 
1999; Jeyaseelan et al., 2000; Lally et al., 1997; Li et al., 1999). The binding to 
CD11b/CD18 is a prerequisite for the efficient insertion of CyaA into the cellular 
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membrane of phagocytes and the subsequent delivery of the AC domain into cell 
cytosol or pore formation. The toxin activities can be blocked by competition for 
receptor binding with the anti-CD11b specific antibodies (Guermonprez et al., 2001). 
Despite the recent demonstration that CyaA also binds to some extent to 
CD11a/CD18 when used in high concentrations (Paccani et al., 2011), it is widely 
accepted that CD11b/CD18 is the only physiologically relevant receptor for the 
CyaA toxin. By binding to CD11b/CD18, CyaA is targeted to sentinel cells of the 
innate immune system, such as monocytes/macrophages, neutrophils, and dendritic 
cells (Guermonprez et al., 2001). Paralysis of phagocytes due to CyaA activity 
explains the major role played by CyaA in the early phases of Bordetella infection 
(Gueirard et al., 1998; Harvill et al., 1999; Khelef et al., 1993). 
The first step of CyaA interaction with a target cell seems to be the 
recognition of N-linked oligosaccharides on the CD11b/CD18 integrin (Morova et 
al., 2008). These oligosaccharide chains have a similar structure as the saccharide 
chains of gangliosides. This offers an explanation of the residual interaction of CyaA 
with cells lacking the CD11b/CD18 integrin (Gordon et al., 1989). The removal of 
N-linked oligosaccharides from cellular surface using PNGase F, or the block of N-
glycosylation using tunicamycin, both led to the complete loss of CyaA binding to 
CD11b/CD18-expressing cells. Moreover, CyaA binding to CD11b/CD18 was 
efficiently inhibited in the presence of soluble saccharides that are found in the N-
linked oligosaccharide chains of CD11b/CD18 (Morova et al., 2008). It appears that 
several N-linked oligosaccharide chains of CD11b/CD18 integrin cooperate in toxin 
binding, suggesting a multivalent CyaA-oligosaccharide interaction (Hasan et al., 
2014). 
The binding of CyaA to CD11b/CD18 strongly depends on the toxin loading 
by Ca
2+
 ions. On the other hand, the binding of CyaA to CR3 is Mg
2+
-independent. 
Thus, CyaA appears be the first known Mg
2+
-independent interaction partner of 
CD11b/CD18 (Guermonprez et al., 2001). Guermonprez et al. also suggested that 
CyaA may bind the CR3 outside the I domain, which is known to bind all other 
natural ligands of the β2 integrin. This hypothesis was recently confirmed by our 
group that mapped the toxin binding site to the hinge region of CD11b (Osicka et al., 
manuscript in preparation). 
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The integrin-binding site of CyaA was previously localized between amino 
acid residues 1166 and 1281 of the RTX domain (El-Azami-El-Idrissi et al., 2003), 
which contains several aspartate/glutamate rich regions. The negative charge of the 
RTX domain is neutralized by the binding of approximately 40 positively charged 
Ca
2+
 ions. This may facilitate the interaction of CyaA with the negatively charged 
sialic acid on the CD11b/CD18. 
In addition to the toxin interaction with oligosaccharides, the acylation of 
CyaA plays an important role in the interaction of CyaA with the CD11b/CD18 
integrin (El-Azami-El-Idrissi et al., 2003). The nonacylated pro-CyaA exhibits a 
decreased capacity to bind the integrin and the pro-CyaA can be outcompeted from 
binding to CD11b/CD18 by acylated CyaA or anti-CD11b mAb. Moreover, the 
interaction of pro-CyaA with CD11b/CD18 supports penetration of the AC domain 
into target cells very poorly (El-Azami-El-Idrissi et al., 2003). This is in agreement 
with the finding that acylation of K983 is necessary and sufficient for full activity of 
CyaA on CD11b/CD18-expressing J774A.1 monocytes (Masin et al., 2005). 
Upon interaction of CyaA with CD11b/CD18, the toxin molecule invades the 
target membrane. This is a prerequisite for pore formation and AC domain 
translocation into the target cell, which is coupled with toxin-mediated Ca
2+
 entry 
into cell cytosol independently of the pore-forming activity of the toxin (Bumba et 
al., 2010; Fiser et al., 2007). Following Ca
2+
 entry, the CD11b/CD18-CyaA complex 
relocates to lipid rafts. This is enabled by Ca
2+
 mediated activation of the calpain 
protease, which cleaves the talin molecule and thus liberates CD11b/CD18 from 
association with the actin cytoskeleton (Bumba et al., 2010). Moreover, Ca
2+
 entry 
increases the interaction of the AC domain with host calmodulin that is required for 
AC toxin activity (Guo et al., 2005; Ladant et al., 1989). The toxin-mediated calcium 
entry into the target cell is thus crucial for enzymatic and cytotoxic action of CyaA. 
After liberation of CD11b/CD18 from the cytoskeleton and the relocation of 
the toxin-receptor complex into lipid rafts, the AC domain translocation is 
completed. The translocation appears to be driven by membrane potential (Otero et 
al., 1995). In addition, the translocation could be dissociated from the formation of 
the cation selective pores by amino acid substitutions in the predicted membrane 
segments of CyaA (Basler et al., 2007; Basler et al., 2006; Osickova et al., 2010; 
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Osickova et al., 1999). The translocation of the AC domain directly across the 
plasma membrane is supported by the predicted alpha helix 454 to 485, which was 
shown to possess a lipid bilayer-interacting and membrane-destabilizing capacity 
(Karst et al., 2012; Subrini et al., 2013). AC domain translocation does not occur via 
the cation selective pore (Osickova et al., 2010). The exact mechanism of AC 
domain translocation is, however, still not completely understood. 
Similarly, the exact mechanism of pore formation in the target membrane 
remains to be elucidated. Several studies confirmed the critical role of the 
hydrophobic pore-forming domain for the penetration of small cations through the 
target membrane (Benz et al., 1994; Glaser et al., 1988; Osickova et al., 2010; 
Osickova et al., 1999; Powthongchin and Angsuthanasombat, 2009). While AC 
domain translocation appears to be a linear function of toxin concentration, the pore 
formation by CyaA is a higher order function of CyaA concentration, with a Hill 
cooperativity number ≥ 3. This suggests that CyaA monomers are sufficient for AC 
domain translocation, whereas toxin oligomerization is involved in pore formation 
(Betsou et al., 1993; Gray et al., 1998; Osickova et al., 1999; Szabo et al., 1994; 
Vojtova-Vodolanova et al., 2009). Moreover, pores formed by CyaA in artificial 
membranes behave as frequently opening and closing membrane channels (with 
opening life-time approximately 2.8 s), suggesting an equilibrium between non-
conducting monomers and conducting oligomers in the membrane (Basler et al., 
2007; Benz et al., 1994). Cooperative action between distinct toxin molecules could 
also be deduced from complementation studies of mutated toxin variants. For 
example, cytotoxic activity can be partially restored by the in vitro complementation 
of a toxin missing its C-terminal part with the purified C-terminal part of the another 
toxin molecule (Iwaki et al., 1995). Similarly, Bejerano obtained a highly active 
toxin complex by a combination of a toxoid lacking a conserved sequence between 
amino acid residues 1636 and 1650 (block A) with a C-terminal CyaA fragment 
(1490 to 1706) carrying block A (Bejerano et al., 1999). Moreover, the AC domain 
translocation across the target membrane may be potentiated by the addition of an 
excess of CyaA lacking the AC domain (Iwaki et al., 2000). More recently, it was 
shown that CyaA may form oligomers already prior to insertion into the target 
membrane (Lee et al., 2005b), although these results are questionable due to the 
presence of detergent in the experimental procedure. 
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Although the toxin concentrations needed for the manifestation of its particular 
activities is known in vitro, the exact CyaA concentration in natural infections is still 
not completely clear. First experimental estimation was recently provided by Eby 
and coworkers who measured the concentration of CyaA in nasopharyngeal lavages 
during respiratory infections in the baboon model of pertussis. They found that CyaA 
concentration could reach 100 ng/ml near target cell surface in the host nasopharynx 




5.6. Modulation of immune system functions by CyaA 
CyaA was shown to be essential for colonization of mice by B. pertussis, since 
bacteria expressing a mutated CyaA were rapidly cleared from mouse airways, when 
low-dose bacterial cultures were used for challenge experiments (Goodwin and 
Weiss, 1990). A B. pertussis mutant devoid of the adenylate cyclase activity of CyaA 
showed decreased multiplication during the first 5 days following infection (Khelef 
et al., 1992). CyaA also contributes to numerous pathological effects in the murine 
model of Bordetella infection, such as recruitment of inflammatory leukocytes and 
the induction of histopathology lesions in the lung (Gueirard et al., 1998; Khelef et 
al., 1994; Weiss et al., 1984). In line with that, a B. pertussis mutant devoid of 
adenylate cyclase activity, as well as an avirulent mutant, induced no inflammation 
in comparison with the parental strain (Khelef et al., 1994). These facts together 
suggest that CyaA is able, either directly or indirectly, to influence a broad spectrum 
of processes of both innate and adaptive immune system. 
5.6.1. Modulation of innate immunity by CyaA functions 
The important role of CyaA in colonization and pathogenesis is at least in part 
achieved by the effects of CyaA on bactericidal functions of innate immunity. 
Andreasen and Carbonetti observed no differences in bacterial loads of B. pertussis 
in naïve mice with depleted neutrophils versus control mice (Andreasen and 
Carbonetti, 2009). However, CyaA was still required for colonization in this model, 
since bacteria lacking CyaA were unable to colonize animals (Andreasen and 
Carbonetti, 2009; Harvill et al., 1999). In contrast, neutrophils seemed to be 
necessary for bacterial clearance in mice actively or passively immunized before the 
challenge with B. pertussis, since immunized neutropenic mice showed higher loads 
of bacteria in the lungs in comparison with normal mice. Moreover, neutrophils were 
the primary target of CyaA in immunized mice, as shown by using CyaA deficient 
bacteria (Andreasen and Carbonetti, 2009). This is consistent with findings that 
neutralizing antibodies against CyaA may restore functions of neutrophils 
(Mobberley-Schuman et al., 2003; Weingart et al., 2000). Indeed, CyaA is able to 
abolish the functions of neutrophils, such as chemotaxis, phagocytosis, reactive 
oxygen species (ROS) production, and neutrophil extracellular trap (NET) formation. 
The inhibition of superoxide production by CyaA-produced cAMP had already been 
described in 1982 by Confer and Eaton (Confer and Eaton, 1982) and it likely 
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accounts for the inhibition of NET formation and neutrophil apoptosis (Eby et al., 
2014). Following on the study of Confer and Eaton, Friedman and coworkers showed 
the inhibition of chemotaxis and superoxide production by human 
polymorphonuclear leukocytes exposed to CyaA, but did not observe changes in 
phagocytic capacities of these cells using light microscopy (Friedman et al., 1987). 
The inhibition of phagocytosis by toxin-treated macrophages was, however, observed 
by Weingart and Weiss, who showed that the B. pertussis mutant lacking CyaA is 
approximately 10 times more efficiently phagocytosed by human neutrophils than 
wild-type bacteria (Weingart et al., 2000). Moreover, the addition of purified CyaA 
to human neutrophils incubated with the mutant bacteria led to the impairment of 
phagocytosis (Weingart et al., 2000). It was also shown that neutralizing antibodies 
against CyaA, or a human convalescent serum containing such antibodies, restored 
the phagocytic capacity of human neutrophils exposed to CyaA (Weingart et al., 
2000). More specifically, CyaA was found to be able to inhibit CR3-mediated 
phagocytosis in human neutrophils (Mobberley-Schuman et al., 2003). Thus, CyaA 
inhibits a broad spectrum of bactericidal activities of neutrophils. 
Similar observations as those for neutrophils were obtained using 
monocytes/macrophages. It was shown that CyaA inhibits the production of reactive 
oxygen species and impairs opsonophagocytic killing of bacteria by alveolar 
macrophages and neutrophils (Confer and Eaton, 1982). CyaA is able to inhibit both 
CR3- and FcR-mediated phagocytosis and this depends on its ability to increase 
cAMP levels in macrophages (Kamanova et al., 2008). CR3-mediated phagocytosis 
appears to be much more sensitive to CyaA-mediated cAMP elevation than FcR-
mediated phagocytosis and its inhibition is accompanied by actin cytoskeleton 
rearrangement and membrane ruffling due to inhibition of RhoA (Kamanova et al., 
2008). CyaA mediated cAMP production also leads to a rapid inhibition of 
macropinocytosis (Kamanova et al., 2008). 
The expression of CyaA is important for the survival of B. pertussis in 
phagosomes. Once B. pertussis is engulfed by a human macrophage, it is able to 
survive within the phagosome if the multiplicity of infection reaches 100 bacteria per 
macrophage (Friedman et al., 1992). This can be important for bacterial survival in 
host airways and may be related to the clinical manifestation of whooping cough. 
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Mutants with repressed expression of CyaA were shown to have a decreased ability 
to survive inside macrophages, whereas, induction of CyaA expression enabled the 
bacteria to survive inside primary macrophages for several days (Friedman et al., 
1992). 
In addition to the blocking of bactericidal functions of phagocytes, CyaA is 
also able to induce apoptosis of macrophages both in vivo and in vitro (Gueirard et 
al., 1998; Khelef et al., 1993). First apoptotic cells can be observed after 2 hours of 
incubation of macrophages with the B. pertussis strain 18323 cells at a bacterium to 
macrophage ratio of 100:1. After 6 to 8 hours, almost 100% of macrophages are 
killed (Khelef et al., 1993). It was also shown that the engulfment of bacteria is not 
important for apoptosis induction by B. pertussis (Khelef et al., 1993). The use of 
bacterial mutants showed that CyaA, but not the pertussis toxin, was needed for B. 
pertussis-provoked macrophage apoptosis (Gueirard et al., 1998; Khelef et al., 1993). 
Moreover, incubation of macrophages with purified CyaA was found to be sufficient 
for induction of apoptosis (Hewlett et al., 2006; Khelef and Guiso, 1995). In contrast, 
CyaA at a physiological concentration of (10 ng/ml) blocks spontaneous apoptosis of 
neutrophils (Eby et al., 2014). 
CyaA-caused apoptosis depends on both the cell-invasive AC enzyme activity 
(conversion of ATP to cAMP) and on the pore-forming activity (Hewlett et al., 
2006). Whereas CyaA at higher concentrations causes a loss of cell membrane 
integrity, incubation of macrophages with lower concentrations of CyaA leads to the 
induction of apoptosis due to the activation of caspase 3 and 7 (Hewlett et al., 2006). 
The activation of caspase 3/7 by CyaA depends on cAMP production (Hewlett et al., 
2006). Non-acylated CyaA induced apoptosis at a toxin concentration that was 
sufficient for cAMP production, but not for erythrocyte lysis (hemolysis). This 
supports the role of hemolytic activity in the induction of apoptosis when higher 
toxin doses (>100 ng/ml) are used (Hewlett et al., 2006; Cheung et al., 2009). 
Damage of cellular membrane integrity by CyaA-formed pores leads to LDH release 
into the medium before macrophages lose their ability to reduce MTT into the 
formazan dye (Basler et al., 2006). MTT reduction depends on oxidative 
phosphorylation occurring in mitochondria. Bachelet and coworkers then showed 
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that CyaA of wild-type B. pertussis induces the loss of mitochondrial membrane 
potential (Bachelet et al., 2002). 
We have recently shown that the enzymatic activity of CyaA causes induction 
of apoptosis by promoting the translocation of the pro-apoptotic protein Bax into the 
mitochondrial membrane. This is preceded by cAMP-dependent accumulation of the 
pro-apoptotic protein BimEL by the process dependent on the activation SHP-1 and 
the inhibition of AKT (Ahmad et al., in press). 
In vitro, CyaA provokes a decrease in the phagocyte number also by an arrest 
of the cell cycle. Incubation of mouse macrophages with CyaA led to accumulation 
of cells arrested in the G1/G0 phase. This cell cycle arrest was, however, reversible 
at physiologically relevant (~10 ng/ml) toxin concentrations (Gray and Hewlett, 
2011). Gray and colleagues further showed that CyaA is responsible for a decrease of 
cyclin D1 concentration in macrophages, as well as for an increase of levels of 
p27
kip1
, a CDK inhibitor. Both these processes, as well as CyaA-provoked inhibition 
of ERK 1/2 kinase, contribute to cell cycle dysregulation (Gray and Hewlett, 2011). 
These changes in the presence and activity of proteins important for passing through 
the cell cycle are mediated by the elevation of cAMP by the toxin (Gray and Hewlett, 
2011). 
In addition to the altered expression of cyclin D1 and p27
kip
, it was shown 
that CyaA is able to promote important changes in transcription of a whole range of 
genes of murine bone marrow-derived macrophages. Using a microarray analysis, 
Cheung and coworkers showed that the incubation of bone marrow-derived 
macrophages with 20 ng/ml of CyaA for 24 hours led to more than a two-fold change 
in the expression of ~5.8% (2613 genes) of genes (45,000 probe set) (Cheung et al., 
2008). By comparison, exposure to the CyaA-AC
-
 toxoid, which was not able to 
produce cAMP, or to nonacylated pro-CyaA caused a significant up-regulation of 
only 12 and 2 genes, respectively. Cheung and coworkers also found that the 
majority of the up-regulated genes were connected with host immune responses and 
inflammation. CyaA caused increased transcription of CD80 and CD86 genes 
(Cheung et al., 2008), which corresponds to the observation of Bagley and 
coworkers, showing the up-regulation of these genes after CyaA treatment in 
dendritic cells (Bagley et al., 2002). Cheung and coworkers further observed 
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increased transcription of genes for chemokines involved in adhesion and 
transmigration of neutrophils (Cxcl5, Cxcl7). By contrast, about 40 % of the down-
regulated genes were involved in cell proliferation (down-regulation of genes for 
cyclins B1 and B2 and their CDK1 partner) (Cheung et al., 2008). This is in 
agreement with the above-described effect of CyaA on cell cycle. 
Besides professional phagocytes, B. pertussis also interacts with tracheal 
epithelial cells, which are among the first targets of B. pertussis in the course of 
infection. The epithelial layer, formed by these cells, serves not only as a mechanical 
barrier, but it also produces various anti-bacterial agents, cytokines, and 
immunomodulators. Bacterial tracheal cytotoxin (TCT) and LOS were shown to 
synergize in the induction of IL-1α and NO production in hamster tracheal epithelial 
cells (Flak et al., 2000). Furthermore, bacterial attachment to ciliated cells causes 
mucin hypersecretion and epithelial damage, which all together result in decreased 
mucociliary clearance (Soane et al., 2000). Consistent with these findings, genes 
encoding IL-6, IL-8, chemokine MCP-1 and two genes for mucin secretion: MUC2 
and MUC5AC were shown to be up-regulated in the human bronchial epithelial cell 
line (BEAS-2B) after infection with B. pertussis (Belcher et al., 2000). 
After attachment, B. pertussis was shown to invade human tracheal epithelial 
cells (Bassinet et al., 2000). Originally, it was thought that the bacteria within the 
cells are rapidly killed (Bassinet et al., 2000; Gueirard et al., 2005). Recently, 
however, Lamberti and coworkers showed that a significant proportion of B. 
pertussis cells is able to survive within the human epithelial cell line A549 for 
several days (Lamberti et al., 2013). Interestingly, CyaA inhibits bacterial uptake into 
human tracheal epithelial cells (Bassinet et al., 2000) and causes production of 
cytokine IL-6 in these cells (Bassinet et al., 2004). However, the immunological 
consequences of this process remain unknown. 
In addition to the invasion of epithelial cells, CyaA was shown to cause 
epithelial cell rounding due to its AC activity (Ohnishi et al., 2008; Westrop et al., 
1994), which may support the toxin-provoked loss of tightness of the epithelial 
barrier. Furthermore, B. pertussis was found to efficiently translocate across the 
basolateral membrane of polarized epithelial cells (Eby et al., 2010). The basolateral 
side of epithelial cells seems to be quite sensitive to CyaA action despite the absence 
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of the CD11b/CD18 receptor. This mechanism could be used by CyaA to change the 
expression of cytokines by epithelial cells and thus to further manipulate innate 
immunity or the maturation of dendritic cells on epithelial surfaces, and thereby also 
the specific immune response (Diamond et al., 2000; Hammad and Lambrecht, 2008; 
Kato and Schleimer, 2007; Mayer and Dalpke, 2007; Schleimer et al., 2007). 
5.6.2. Modulation of adaptive immunity by CyaA functions 
Dendritic cells (DCs) express high amounts of the CD11b/CD18 integrin, and 
are thus sensitive targets of CyaA (Guermonprez et al., 2001). These cells represent 
the bridge between innate and adaptive immune systems, where the immature DCs 
sample the environment by phagocytosis of particulate matter and by 
macropinocytosis of extracellular fluid and its contents. Any contact with PAMPs 
leads to maturation of DCs. Mature DCs then migrate to lymph nodes, where they 
can activate particular subsets of T and B cells by displaying antigens derived from 
the pathogen on their surface and by production of cytokines. 
CyaA was shown to interfere with adaptive immune functions of DCs, such 
as the maturation and cytokine production by murine bone marrow-derived DCs 
(BMDC), as well as of the human peripheral blood monocytes, the precursors of DCs 
(Adkins et al., 2014; Ross et al., 2004). In LPS-stimulated DCs, CyaA enhances up-
regulation of CD80 on the cell surface, while concomitantly reducing CD86, CD40 
and CD54 surface exposure (Adkins et al., 2014; Boyd et al., 2005; Ross et al., 2004; 
Skinner et al., 2004). Moreover, the toxin strongly suppresses LPS-stimulated 
production of TNF-α, IL-12p70 and MIP-1α, while it potentiates IL-6 and IL-10 
production in DCs (Bagley et al., 2002; Boyd et al., 2005; Njamkepo et al., 2000; 
Ross et al., 2004; Siciliano et al., 2006; Skinner et al., 2004; Spensieri et al., 2006). 
The effects of CyaA on DCs are mainly dependent on toxin-induced cAMP 
signaling, as these effects could be mimicked by cell-permeable cAMP analogues 
db-cAMP or 8-Br-cAMP, or by the cAMP-elevating agent forskolin (Bagley et al., 
2002). 
On the other hand, the impact of the CyaA-AC
-
 toxoid action, when used in 
high concentrations, was also described on DCs. Toxin-induced increase in cell 
surface exposure of CD80 and CD86 maturation markers as well as production of 
TNF-α, IL-1β, IL-6, and IL-12 was dependent on CD14 and TLR4 signaling both in 
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mice and in bone-marrow-derived DCs as well as in primary human monocytes 
(Dadaglio et al., 2014). In contrast, the pore-forming activity of CyaA was observed 
to drive DC maturation when physiological concentrations of highly active CyaA-
AC
-
 toxoid were used (Svedova et al., under revision). 
DC maturation and cytokine production induced by TLR signaling is 
controlled mainly by mitogen-activated protein kinases (MAPKs) like p38 and 
ERK1/2, and nuclear factor (NF)-κB signaling pathways (Rescigno et al., 1998; Sato 
et al., 1999). CyaA of Bordetellae was shown to differentially regulate MAPK 
signaling in DCs. Exposure to CyaA produced by B. bronchiseptica was shown to 
account for the inhibition of p38 MAPK signaling in BMDCs, but no effect on 
ERK1/2 was observed (Skinner et al., 2004). On the other hand, recombinant CyaA 
enhanced LPS-induced MAPK phosphorylation and inhibited IRF-1 and IRF-8 
expression, thus modulating TLR-agonist-induced IL-10 and IL-12p70 production by 
DCs (Hickey et al., 2008; Spensieri et al., 2006). Furthermore, wild-type B. pertussis 
as well as the CyaA-deficient strain was shown to increase phosphorylation of p38, 
ERK1/2, SAPK/JNK and IκBα in monocyte-derived DCs, suggesting activatory 
effects of CyaA on MAPKs and NF-κB signaling (Fedele et al., 2010). It appears that 
dysregulation of MAPK and IRF signaling by CyaA action could be a way to 
dysregulate DC maturation on infected epithelia. 
CyaA-promoted aberrant maturation of DCs might affect the onset of 
adaptive immune responses and may delay bacterial clearance. Recently, the role of 
CyaA-mediated K
+
 efflux from DCs was shown in vivo, as it activated the NALP3 
inflammasome and IL-1β production in LPS-stimulated DCs. IL-1β subsequently 
mediated induction of a Th17 response, which is crucial for the clearance of 
Bordetella infection from the respiratory tract (Dunne et al., 2010). Moreover, human 
monocytes infected by B. pertussis, but not by the CyaA-deficient mutant strain, 
displayed suppressed capacity to induce antigen-dependent CD4
+
 T cell proliferation 
(Boschwitz et al., 1997). Similarly, CyaA of closely related B. bronchiseptica 
inhibited antigen-induced CD4
+
 T cell proliferation stimulated by macrophages and 
induced a Th17 response (Siciliano et al., 2006). The ability of DCs to present 
antigens to CD4
+
 T cells and to promote CD8
+
 T cell proliferation was also shown to 
be inhibited by CyaA. CyaA enabled the migration of DCs towards CCL19 and 
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CCL21 and the CyaA-treated DCs may therefore subsequently shape the 
development of T cells into immunosuppressive Treg cells (Adkins et al., 2014). This 
may serve in inhibition of anti-Bordetella adaptive immunity by CyaA-dependent 
modulation of DCs. 
In addition, CyaA has also been shown to shape T cell responses directly by 
interfering with their activation and chemotaxis. Although T cells do not express the 
CD11b/CD18 receptor of CyaA, the toxin may still bind these cells through its 
lectin-like activity when used in high concentrations and may thus modulate T cell 
functions directly. This is, however, not very likely in the course of natural infection 
due to low CyaA production levels. Nevertheless, CyaA was shown to promote the 
polarization of T cells into Th2 and IL-10-producing T cells with a regulatory 
phenotype (Tr1), while limiting Th1 responses in vitro (Paccani et al., 2008; Paccani 
et al., 2011; Ross et al., 2004; Rossi Paccani et al., 2009). T-cell antigen receptor and 
chemokine receptor signaling, as well as MAPK signaling, were inhibited by CyaA 
via a cAMP/PKA-dependent pathway. Similarly, CyaA potently promoted Th2 cell 
differentiation by inducing expression of the master Th2 transcription factors c-maf 




6. Aims of the Thesis 
Although the global effect of CyaA action on immune cells has been 
extensively studied, the exact mechanism of CyaA action and signaling pathways 
activated by this toxin remain poorly characterized. Even less is known about the 
effects of particular CyaA activities on signaling in the targeted cell leading to a 
disruption of bactericidal activities of the host. 
To clarify the issues mentioned above, the aims of this thesis were: 
1) to characterize the impact of CyaA action on the most 
important bactericidal activities of phagocytes, such as the 
production of reactive oxygen and nitrogen species, and on 
processes leading to the activation of the adaptive immune 
system and 
2) to describe the signaling pathways involved in the CyaA-




7. Materials and Methods 
Antibodies and Reagents 
Escherichia coli 0111:B4 lipopolysaccharide (LPS), zymosan, poly-RGD, anti-BSA 
antibody, 3-isobutyl-1-methylxanthine (IBMX), N-6,2'-O-Dibutyryladenosine-3',5'-
cyclic monophosphate (db-cAMP), horse radish peroxidase (HRP), formyl-Met-Leu-
Phe (fMLP), and luminol were obtained from Sigma-Aldrich; N6-Benzoyladenosine-
3',5'-cyclic monophosphate (6-Bnz-cAMP), 8-(4-chlorophenylthio)-2'-O-
methyladenosine-3',5'-cyclic monophosphate (8-CPT-cAMP), and 8-
Bromoadenosine-3',5'-cyclic monophosphorothioate (cAMPS) were from BIOLOG 
Life Science Institute; NSC87877 and H-89 were purchased from Calbiochem; DAE-
NONOate was from Cayman Chemical; and hydrogen peroxide was from Lach-Ner. 
Antibodies were purchased from Santa Cruz Biotechnology (anti-SHP-1 (C-19), anti-
SHP-2 (c-18)) or from Cell Signaling Technology (anti-p38 MAPK (D13E1), anti-P-
p38 MAPK (D3F9), anti-p44/42 MAPK, anti-P-p44/42 MAPK (20G11), anti-p65 
(D14E12), anti-Akt (C67E7), anti-Akt P-Ser473 (D9E), anti-Akt P-Thr308 
(C31E5E), anti-P-c-Fos (D82C12), anti-FoxO3a, anti-P-FoxO3a, anti-iNOS, anti- 
actin, anti-IRF1 (D5E4), anti-P-IB, anti-IB, anti-JNK, anti-P-JNK (98F2), anti-
Stat1 (9H2), anti-P-Tyr701 Stat1, anti-P-Ser727 Stat1). All siRNAs (ON 
TARGETplus SMARTpool, si-PTPN6, si-PTPN11 and non-targeting siRNA control) 
as well as DharmaFECT 4 were obtained from Dharmacon. 
Bacterial strains 
Bacterial strains were derived from Bordetella pertussis Tohama I (B.p. cyaA-wt) 
obtained as strain CIP 81.32 from the Collection of Institute Pasteur, Paris, France. 
The B.p. cyaA and B.p. cyaA-AC- strains, carrying an in-frame deletion of the cyaA 
open reading frame on the chromosome or secreting an enzymatically inactive CyaA-
AC
- 
toxoid, created by the insertion of GlySer dipeptide into the positions 188 and 
189 (Osickova et al., 2010), respectively, were constructed using the pSS4245 allelic 
exchange vector kindly provided by Dr. S. Stibitz (Buasri et al., 2012). The pSS4245 
plasmid carries a gene encoding the I-SceI restriction endonuclease that is expressed 
in B. pertussis under Bvg
+
 conditions. Briefly, the parental strain was grown for 4 
days under modulating conditions (Bvg
-
) on BGA plates (Bordet-Gengou agar, 
 
 59 
Becton Dickinson) containing 15% defibrinated sheep blood and 50 mM MgSO4. 
Plasmid constructs were transformed into E. coli SM10 λpir and transferred by 
conjugation into the recipient B. pertussis. Matings were performed for 3 h at 37°C 
on fresh BGA plates containing 10 mM MgCl2 and 50 mM MgSO4 (modulating, 
Bvg
-
 conditions). B. pertussis clones having the plasmid construct inserted into the 
chromosome by single crossing-over were selected for 5 days at 37°C on plates that 
contained 50 mM MgSO4, 500 μg/ml of streptomycin, 30 μg/ml of ampicillin and 40 
μg/ml of kanamycin. The clones were restreaked on the same media for additional 5 
days and then plated on BGA lacking MgSO4 (Bvg
+
 conditions) in order to select for 
the second crossing-over and excision of the rest of the allelic exchange vector from 
the bacterial chromosome. For each construct, several individual clones were 
characterized for phenotypic change and presence of introduced and absence of 
undesired mutations was verified by the sequencing of relevant portions of PCR-
amplified segments of the cyaA gene. Production of key virulence factors like PTX, 
PRN, FHA and CyaA was verified by Western blotting of bacterial lysates with 
specific antibodies (Weber et al., 2001). The construction of B. pertussis strains 
carrying mutation in cyaA gene was performed by Ing. K. Skopova (Institute of 
Microbiology, ASCR, v.v.i., Prague). 
The plasmid pBBRcyaGFP encoding GFP under the control of the cyaA gene 
promoter was kindly provided by Dr. B. Vecerek (Institute of Microbiology, ASCR, 
v.v.i., Prague) and was introduced into Bordetella strains by conjugation, using 50 
µg/ml kanamycin and 150 g/ml cephalexin for selection. 
Cell cultures and handling 
The L929 CMG cells (a kind gift from Dr. T. Brdicka from the Institute of Molecular 
Genetics, ASCR, v.v.i., Prague) were used for M-CSF production (Weischenfeldt 
and Porse, 2008). The L929 CMG cells were cultivated until full confluence in D-
MEM containing 10% (v/v) fetal calf serum (FCS). The medium was subsequently 
changed and the cells were kept in the fresh D-MEM medium for three days to 
produce sufficient amounts of M-CSF. Bone marrow macrophage-like cells 
(BMDM) and the bone-marrow-derived dendritic cells (BMDC) were obtained from 
femoral and tibial bones of 6-week-old female C57BL/6 mice. Briefly, the bone 
marrow was flushed out of the bones using 5 ml of sterile, ice-cold PBS and washed 
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3-times with cold PBS. After the last washing, the pellet was filtered through an 80 
μm filter to remove all fragmented parts of the tissue. For BMDM preparation, 
washed cells were cultivated in D-MEM containing 10% (v/v) FCS in the presence 
of 10% (v/v) of conditioned media of L929 CMG cells, and antibiotic antimycotic 
solution (0.1 mg/ml streptomycin, 100 U/ml penicillin and 0.25 µg/ml amphotericin, 
Sigma Aldrich) for 7 days at 37°C in a humidified air-CO2 (5%) atmosphere. The 
obtained cells were tested for the presence of F4/80 and CD11b/CD18. At least 90% 
of matured cells displayed macrophage markers, and of these more than 95% were 
viable. For BMDC preparation, the washed cells were cultivated in D-MEM 
containing 10% (v/v) FCS in the presence of mouse recombinant GM-CSF 
(20ng/ml), nonessential amino acids (Biochrom AG) and antibiotic antimycotic 
solution (0.1 mg/ml streptomycin, 100 U/ml penicillin and 0.25 µg/ml amphotericin, 
Sigma Aldrich) for 7 days at 37°C in a humidified air-CO2 (5%) atmosphere. Only 
loosely attached cells were used for the experiments. The obtained cells were tested 
for the presence of CD11b, CD11c, I-A/I-E+, Gr-1, F4/80 and the absence of B220. 
Approximately 80% of the cells displayed DC markers, and of these more than 95% 
were viable. 
RAW264.7 mouse macrophage cells (ATCC Cat. No. TIB 71) were grown in RPMI 
1640 medium supplemented with 10% (v/v) FCS and antibiotic antimycotic solution. 
Prior to assays, the phosphate-buffered RPMI medium was replaced with HEPES-
buffered D-MEM (containing 1.9 mM Ca
2+
) supplemented with 10% (v/v) FCS and 
the cells were allowed to rest in D-MEM for 2 hours before the toxin addition. 
Human neutrophils were purified from full blood obtained at the transfusion unit of 
the Thomayer Hospital in Prague as described elsewhere (Anderson et al., 2008). 
Briefly, blood was centrifuged (1.200 RPM, 20 min, 17°C, without brakes) to 
remove platelet rich plasma (PRP). Pellet was resuspended in 0.72% Dextran T500 
in 0.9% NaCl and left to sediment (30 min, RT, in dark). After sedimentation, the 
upper layer containing leukocytes was centrifuged (1.200 RPM, 6 min, 17°C) and the 
pellet was resuspended in platelet poor plasma (PPP) obtained by centrifugation of 
PRP (3.000 RPM, 30 min, 17°C). Granulocytes were obtained by centrifugation of 
leukocytes through Percoll gradient from the 37.8%/45.9% interface. 
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All experiments with the CyaA toxin were performed in phosphate-free medium 
containing 2 mM Ca
2+
 necessary for full CyaA activity. 
Production and purification of CyaA variants 
Intact CyaA toxin, an enzymatically inactive CyaA-AC
−
 toxoid (Osicka et al., 2000), 










) were produced in E. coli XL1-Blue (Stratagene) transformed 
with the pCACT3- or pT7CACT1-derived constructs, as appropriate (Osicka et al., 
2000). Exponential-phase 500-ml cultures were grown at 37°C and induced by 
isopropyl-1-thio-β-d-galactopyranoside (IPTG; 1 mM) for 4 h before the cells were 
washed in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, resuspended in 50 mM Tris-
HCl (pH 8.0), 0.2 mM CaCl2, and disrupted by sonication. The insoluble cell debris 
was resuspended in 8 M urea, 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, and 0.2 mM 
CaCl2 to extract the CyaA proteins. Upon centrifugation at 25,000 × g for 20 min, 
clarified urea extracts were loaded onto a DEAE-Sepharose column equilibrated with 
8 M urea, 50 mM Tris-HCl (pH 8.0), 120 mM NaCl. After washing, the CyaA was 
eluted with 8 M urea, 50 mM Tris-HCl (pH 8.0), 2 M NaCl, diluted four times with 
50 mM Tris-HCl (pH 8.0), 1mM CaCl2, 1 M NaCl buffer, and further purified on a 
phenyl-Sepharose column equilibrated with the same buffer. Unbound proteins were 
washed out with 50 mM Tris-HCl (pH 8.0), and the CyaA was eluted with 8 M urea, 
50 mM Tris-HCl (pH 8.0), 2 mM EDTA and stored at -20°C. The protein 
concentration was determined by the Bradford assay (Bio-Rad, Hercules, CA) using 
bovine serum albumin as a standard. 
Determination of ROS production 
ROS production was measured using a luminol-based assay as described previously 
(Anderson et al., 2008). Briefly, 5 x 10
5
 RAW264.7 macrophages or primary human 
neutrophils in HBSS supplemented with 1% glucose, 2 mM MgCl2 and 2 mM CaCl2 
were incubated as indicated in the figure legend at 37°C with 150 µM luminol and 
18.75 U of HRP, before the cells were transferred to wells containing the given 
activator (e.g. fMLP, human complement-opsonized zymosan, complement-
opsonized B. pertussis, or unopsonized B. pertussis at an MOI of 10:1, respectively). 
Luminescence was recorded using a Safire2 microplate reader (Tecan). ROS 
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production in time was plotted and the area under the curve was calculated. The 
effect of treatment was calculated as percentage of ROS production compared to the 
positive control. 
Determination of PIP3 amounts in cell membranes 
The amount of PIP3 in membranes of neutrophils was determined as described 
elsewhere (Clark et al., 2011). Briefly, purified neutrophils were pre-incubated with 
100 ng/ml CyaA for 5 minutes at 37°C in a chloroform resistant tube. Neutrophils 
were subsequently activated by the indicated concentration of fMLP for 1 minute. 
The PIP3 production was then stopped by the addition of a mixture of 64.5% 
methanol, 32.3% chloroform, and 3.14% of 1M HCl. C16/17 PIP3 was added into 
the final concentration of 1 ng/μl as an internal standard. To the mixture, an equal 
volume of chloroform was added and the mixture was incubated for 5 minutes at 
room temperature leading to separation of aqueous and organic phases. The organic 
phase was removed and washed with the equal amount of a mixture of 53.3% 
methanol, 26.6% chloroform, and 20% 0.01M HCl. The washed organic phase was 
derivatized with 133.3 mM TMS-diazomethan (Sigma) for 10 minutes and 
derivatization was stopped by the addition of glacial acetic acid to the final 
concentration of 0.8%. The derivatized organic phase was washed twice with a 
mixture of 53.3% methanol, 26.6% chloroform, and 20% water, followed by addition 
of 0.125 volume of the mixture of methanol and water (9:1). The mixture was dried 
in a speed-vac and resuspended in 80% methanol. The amount of PIP3 was measured 
at the mass spectrometry core facility of Babraham Institute. 
Determination of diacylglycerol in cell membranes 
The amount of diacylglycerol was determined as described elsewhere (Bierhanzel et 
al., in preparation). Briefly, purified neutrophils were pre-incubated with 10 ng/ml of 
CyaA for 10 minutes at 37°C prior to activation by 3 μM fMLP for 1 minute. The 
reaction was stopped by the addition of ice cold PBS and the cells were subsequently 
lysed by the mixture of hexane with isopropanol (3:2). The amount of DAG in the 
mixture was determined by Ing. Bierhanzel at the Charles University in Prague. 
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Opsonization of bacteria and zymosan with human complement 
Anonymous fresh human blood was purchased at the transfusion unit of the 
Thomayer Hospital in Prague, and complete human sera were obtained by 
centrifugation at 1,200 RPM, for 20 minutes at 17°C. Prior to use, the sera were 
controlled by ELISA for presence of any detectable amounts of antibodies 
recognizing the PTX, CyaA and FHA antigens of B. pertussis. For the opsonization 
by human complement, 1 x 10
8
 heat-killed B. pertussis cells (70°C, 30 minutes), or 1 
mg of zymosan, were incubated with 50% human serum for 30 minutes at 37°C 
under gentle shaking and the suspensions were washed twice with serum-free HBSS. 
B. pertussis-specific antigens detection by ELISA 
Anti-Bordetella specific antibody titers were detected in all sera used for 
opsonization as described by Villarino Romero (Villarino Romero et al., 2013) with 
minor modifications. PolySorp 96-well ELISA plates (Nunc) were coated with 
purified FHA, CyaA-AC
−
, or heat-killed, or 0.1% formaldehyde-killed Bordetella 
pertussis at 10 μg/ml in 100 mM sodium carbonate buffer (pH 9.5) overnight at 4°C. 
Heat-killed E. coli XL-1 bacteria were used as a control for unspecific binding. 
Plates were blocked for 3 hours at room temperature with 0.1% Tween 20 (TBST) 
and 2% bovine serum albumin (BSA) in TBS (TBST-BSA). Diluted human serum 
samples (1:2, 1:10, 1:100, and 1:1,000) in TBST-BSA were added and the plate was 
incubated overnight at 4°C. Positive humane sera (Villarino Romero et al., 2013) 
were used as a positive control. Upon three washes, the reactions were revealed using 
horseradish peroxidase conjugates of swine anti-human IgG (1:5,000; SEVAC) and 
o-phenylenediamine as a substrate. Serum levels of IgG antibodies directed against 
pertussis toxin (PTX) were determined by using the B. pertussis IgG-PTX ELISA kit 
validated for clinical diagnosing of pertussis (Statens Serum Institute Diagnostica) 
according to the manufacturer's instructions. 
Determination of NO production 
The production of NO was measured either as nitrite accumulation in the medium 
using the Griess reaction (Marletta et al., 1988), or as the accumulation of both nitrite 
and nitrate using fluorescent 4-Amino-5-Methylamino-2',7'-Difluorofluorescein 
Diacetate (DAF-FM; Life Technologies) (Cortese-Krott et al., 2012). RAW264.7 
cells were seeded into 96-well plates (10
5
 per well) and incubated with the indicated 
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inhibitors for 1 h prior to toxin addition. After 24 h of continued incubation, 100 µl 
aliquots of culture supernatants were mixed with 100 µl of Griess reagent (2% 
sulfanilamide, 0.2% N-(1-napthyl)-ethylenediamine dihydrochloride, 2.5% 
orthophosphoric acid) and OD540 was measured using Safire2 microplate reader 
(Tecan). For measurement with DAF-FM, the fluorescent probe (10 μM) was added 
to cell suspensions 22 h after stimulation. 2 hours later, cells were washed 5-times 
with ice-cold PBS and fluorescence (excitation 485 nm, emission 520 nm) was 
measured using Safire2 microplate reader (Tecan). 
FACS analysis of neutrophils apoptosis 
Apoptosis of neutrophils was determined using double staining with Annexin V and 
Hoechst 33258. Cells were pre-incubated with 100 ng/ml of either CyaA or CyaA-
AC
-
 for 5 minutes prior to stimulation with 1 mg/ml of serum-opsonized zymosan for 
1 hour at 37°C under continuous gentle shaking. Cells were next washed 3-times 
with ice-cold HBSS to remove any excess of the unbound toxin. Subsequently, the 
cells were stained by 10 μl Annexin V-FITC in Annexin buffer for 15 minutes in the 
dark at room temperature. 5 minutes before FACS analysis, 1 μg/ml of Hoechst 
33258 was added to cells on ice. 20,000 cells per sample were analyzed by flow 
cytometry (LSR II instrument, BD Biosciences). The data was analyzed by FlowJo 
(version 7.6.1). 
cAMP ELISA 
The accumulation of cAMP in RAW264.7 cells and in primary human neutrophils 
was measured using a competition ELISA as described earlier (Kamanova et al., 
2008). Cells were incubated for the indicated times with CyaA at indicated 
concentration in D-MEM in the presence or absence of 100 ng/ml of LPS from E. 
coli 0111:B4, or were infected with live B. pertussis bacteria at the MOI 10:1, as 
described in the infection assay, respectively. After the time indicated in the figure 
legend, the reaction was stopped by the addition of 0.2% Tween 20 in 50 mM HCl. 
The samples were boiled for 15 minutes at 100°C, neutralized with 150 mM 
unbuffered imidazole and cAMP concentration was determined by ELISA. MaxiSorp 
96-well ELISA plates (Nunc) were coated with cAMP-BSA conjugate (1:6,000 
dilution) in 100 mM sodium carbonate buffer (pH 9.5) overnight at 4°C. Plates were 
blocked for 3 hours at room temperature with 0.1% Tween 20 (TBST) and 2% 
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bovine serum albumin (BSA) in TBS (TBST-BSA). Cell lysates and rabbit anti-
cAMP polyclonal antibody (1:3,000 dilution, kind gift of Agnes Ullmann, Institute 
Pasteur, Paris) were incubated in the coated and blocked plate over night at 4°C. The 
unbound primary antibody was washed out by three washing steps, and the 
secondary goat anti-rabbit HRP-conjugated antibody (1:1,000 dilution, GE 
Healthcare) was added. After three washes, the reactions were revealed using o-
phenylenediamine as a substrate. 
Determination of arginase activity  
Arginase activity was measured as previously described (Corraliza et al., 1994). 
RAW264.7 cells were seeded into 96-well plates (10
5
 per well) and incubated with 
indicated concentrations of CyaA for 24 hours and lyzed in 50 l of buffer that 
contained 50 mM Tris HCl (pH 7.5), 0.1% Triton X-100, 50 mM NaF, 10 mM 
Na4P2O7, 1 mM Na3VO4, 50 nM Calyculin A and the Complete mini EDTA-free 
protease cocktail inhibitor (Roche). After 30 minutes at RT, 10 mM MnCl2 was 
added and the samples were heated for 10 minutes at 55°C. An equal volume of 0.5 
M L-arginine was added and the mixture was incubated for 60 minutes at 37°C. The 
reaction was stopped by the addition of 8 volumes of a mixture of H2SO4 and H3PO4 
in water (1:3:7) with half a volume of 9% -isonitrosopropiophenone (ISPF) 
dissolved in ethanol. Samples were boiled for 45 minutes at 100°C, chilled for 10 
minutes in the dark and absorbance was read at 540 nm. 
Immunodetection of proteins (Western blotting) 
RAW264.7 cells were seeded into 12-well plates (10
6
 per well) and cultured in RPMI 
medium overnight. RPMI medium was then replaced with D-MEM and inhibitors 
were added 1 hour before the addition of CyaA, and incubated for the indicated 
times. Cells were washed two-times with ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 
10 mM Na2HPO4, 2 mM KH2PO4, pH = 7.4) and lysed with 1% Nonidet P-40 in 20 
mM Tris-HCl (pH 8.0) buffer containing 100 mM NaCl, 10 mM EDTA, 10 mM 
Na4P2O7, 1 mM Na3VO4, 50 mM NaF, 10 nM CalyculinA, and Complete Mini 
protease inhibitors (Roche). Upon separation by SDS-PAGE and transfer onto 
nitrocellulose membranes, proteins were probed by the indicated mAbs and revealed 
by corresponding peroxidase-conjugated secondary antibody (1/5,000, GE 
Healthcare) using the West Femto Maximum Sensitivity Substrate (Pierce). 
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Chemiluminescence signals were quantified using ImagQuant LAS 4000 imaging 
system instrument (Fuji) and images were analyzed using AIDA two-dimensional 
densitometry software (version 3.28, Raytest Isotopenmessgeraete GmbH). 
Protein immunoprecipitation 
The immunoprecipitation was performed using the Pierce Co-Immunoprecipitation 
(CO-IP) Kit. Cells, treated as indicated in the figure legend, were lysed using the IP 
Lysis/Wash Buffer. Lysates were pre-cleared with 40 μl of control resin slurry for 1 
hour at 4°C and the protein of interest was subsequently allowed to bind to a specific 
antibody coupled to resin beads with gentle rocking for 2 hours at 4°C. The beads 
were washed twice with ice-cold lysis buffer. Proteins were eluted using Elution 
Buffer and analyzed by western blotting or by SHP-1 activity assay. 
SHP-1 activity assay 
5x10
6
 RAW264.7 cells were incubated in D-MEM with 100 ng/ml LPS and/or 10 
ng/ml CyaA and washed twice with ice-cold PBS. Cells were lyzed and SHP-1 was 
immunoprecipitated from post-nuclear fractions using the Pierce Co-
Immunoprecipitation (Co-IP) Kit. The columns with bound SHP-1 were washed 6-
times with reaction buffer (25 mM imidazole pH 7.2, 45 mM NaCl, 1 mM EDTA in 
phosphate-free water). 250 μM tyrosine phosphopeptide (RRLIEDAEpYAARG, 
Upstate Biotechnologies) was then loaded on the columns. After 30 min at 37°C the 
free phosphate was determined in column eluates using Malachite Green Phosphate 
assay (ScienCell). SHP-1 was next eluted from the columns and detected by 
immunoblotting. Specific SHP-1 activity was calculated as the amount of free 
phosphate normalized to the total eluted SHP-1 protein amount. 
RNA Isolation and Quantitative Real Time PCR 
2x10
6
 RAW264.7 cells per well were incubated in D-MEM with 100 ng/ml of 
Escherichia coli 0111:B4 lipopolysaccharide and/or CyaA toxin at the indicated 
concentration for 24 hours. Cells were washed twice with ice-cold PBS and lysed 
with TRIzol Reagent (Life Technologies). Total RNA was extracted using the 
RNeasy Mini Kit (Qiagen), including a treatment with DNase I (Ambion), and 1 g 
of total RNA was reverse-transcribed into cDNA following the manufacturer's 
instructions in a 25-μL reaction using M MLV Reverse Transcriptase (Promega) and 
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0.5 g of random hexamers and oligo dT mixture. Quantitative PCR was performed 
on Bio-Rad CFX96 instrument using SYBR® Green JumpStart™ Taq ReadyMix™ 
(Sigma) and gene-specific primers (Supplementary Table 1). 200 nM of each primer 
together with 40 ng of reverse transcribed RNA were used in a 20-μl qPCR reaction 
volume, with an initial step at 95°C for 2 min, followed by 40 cycles of 95°C for 15 
s, 60°C for 30 s, 72°C for 30 s, followed by recording the melting curve. The actin 
gene was used as the reference gene, and relative gene expression was quantified 
using amplification efficiency values (Kubista et al., 2006). 
siRNA silencing 
siRNA transfections were performed according to manufacturer’s recommendation 
(Dharmacon) and the protocol was optimized for RAW264.7 cells using FITC-
labeled siGlo RNAi control (Dharmacon). 2x10
4
 cells per well were seeded into 96-
well plates and grown overnight in RPMI medium without antibiotics. The cells were 
next transfected with 50 nM siRNA using 0.05% DharmaFECT 4 reagent 
(Dharmacon) and the transfection procedure was repeated 48 hours later to increase 
silencing efficacy. After an additional 48 hours, the cells were repeatedly washed 
with prewarmed D-MEM medium and tested for NO production and/or target-protein 
expression. Unspecific effects of transfection were systematically controlled for by 
including untreated cells, cells treated with DharmaFECT 4 reagent only, and cells 
transfected with verified non-targeting siRNA in all experiments, respectively. 
In Vitro Killing Assay 
Bordetella pertussis suspensions were grown in liquid Stainer-Scholte medium 
(Stainer and Scholte, 1970) to OD600 = 1. DAE-NONOate or hydrogen peroxide was 
added and after 2 hours of incubation at 37°C, serial dilutions of the cultures were 
plated on BGA plates for the determination of viable CFU after 5 days of growth. 
Infection of RAW264.7 cell by B. pertussis 
Cell infection assays were performed as described by Lamberti et al. (Lamberti et al., 
2010), with minor modifications. RAW264.7 cells (10
5
 per well) were seeded into 
24-well plates and cultured overnight in complete RPMI medium with 10% heat-
inactivated FCS and without antibiotics. Prior to infection, RPMI medium was 
replaced by D-MEM (containing 1.9 mM Ca
2+
 and 10% (v/v) HIFCS) and 
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exponentially growing B. pertussis cells expressing GFP from the pBBRcyaGFP 
plasmid were added at MOI 10:1. The bacteria were gently spun onto the cells at 640 
x g for 5 minutes to facilitate bacterial attachment to macrophages. Co-incubation 
was continued for 1 hour at 37°C and unbound bacteria were removed by rinsing 
cells 3 times with prewarmed D-MEM. Cells were fixed for microscopic analysis or 
replaced for one hour into a medium containing 100 µg/ml of polymyxin B, to kill 
the attached extracellular bacteria. Polymyxin B concentration was next decreased to 
20 µg/ml in the culture medium in order to avoid killing of the internalized bacteria 
during continued cell culture for the indicated times (24, 48 and 72 hours, 
respectively). Finally, RAW264.7 cells were washed 3-times with a prewarmed 
medium without antibiotics and lysed with sterile dH2O. Lysates of macrophage cells 
were serially diluted in Stainer-Scholte medium and plated on BGA. B. pertussis 
CFUs were counted after 5 days of growth. 
Infection of neutrophils by B. pertussis 
Primary human neutrophils (2 x 10
6
 cells/ml) were mixed with exponentially 
growing B. pertussis cells at MOI 100:1 and the cultures were incubated at 37°C 
under continuous gentle shaking. At time points indicated in the figure legend, the 
aliquots were serially diluted in Stainer-Scholte medium and plated on BGA. B. 
pertussis CFUs were counted after 5 days of growth. 
Fluorescence microscopy of cell-associated bacteria 
After 1 hour of incubation with B. pertussis/pBBRcyaGFP bacteria, the RAW264.7 
cells were washed three times with prewarmed D-MEM medium and fixed with 4% 
paraformaldehyde in PBS for 20 minutes. Non-phagocytosed bacteria attached to the 
surface of macrophage cells were decorated with rabbit polyclonal antiserum against 
B. pertussis (kind gift of Dr. B. Vecerek, Institute of Microbiology, ASCR, v.v.i., 
Prague) and stained with goat anti-rabbit IgG conjugated with Cy5. F-actin was 
stained with TRITC-conjugated phalloidin (0.5 µg/ml, Sigma-Aldrich) and DNA 
with DAPI (10 µg/ml, Sigma-Aldrich) in PBS supplemented with 3% BSA (v/v) for 
30 min. Samples were mounted on glass coverslips in Mowiol and images were 
captured using CellR Imaging Station (Olympus) based on Olympus IX81 
fluorescence microscope using 100×/1.35 oil objective. Images were captured in 0.1 
µM Z-stack layers across complete cell and 3D image was reconstructed using 3D 
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deconvolution. Internalized bacteria, emitting only green fluorescence (GFP
+
) and 
cell surface-associated yellow bacteria emitting both red (Cy5) and green (GFP) 
fluorescence, were counted for at least 50 cells per sample and experiment. 
Ethics Statement 
All animal experiments were approved by the Animal Welfare Committee of the 
Institute of Microbiology of the ASCR, Prague, Czech Republic. The handling of 
animals was performed according to the Guidelines for the Care and Use of 
Laboratory Animals, the Act of the Czech National Assembly, Collection of Laws 
no. 149/2004, inclusive of the amendments, on the Protection of Animals against 
Cruelty, and Public Notice of the Ministry of Agriculture of the Czech Republic, 
Collection of Laws no. 207/2004, on care and use of experimental animals. 
Human peripheral blood neutrophils were purified from healthy human volunteers. 
All human participants gave written informed consent, and all studies complied with 
the Declaration of Helsinki. 
Statistical Analysis 




Upon colonization of the respiratory tract of a new host, B. pertussis has to 
deal with oxidative stress caused by the production of reactive oxygen and nitrogen 
species by infiltrating neutrophils and macrophages. We, therefore, analyzed the 
susceptibility of B. pertussis to oxidative stress-mediated killing. B. pertussis cells 
were exposed to H2O2 (ROS-mediated killing; (Mandell and Hook, 1969)), or DEA-
NONOate (NO donor, RNS-mediated killing; (Dyet and Moir, 2006; Potter et al., 
2009)) for 2 h at 37°C. As shown in Fig. 16, a significant drop of bacterial viability 
was observed in cultures treated with DEA-NONOate or H2O2 in comparison with 
the control culture. While these results showed that B. pertussis is highly sensitive to 
oxidative killing, it has been shown previously that the bacterium has mechanisms 
allowing it to suppress the oxidative burst of neutrophils and macrophages (Confer 
and Eaton, 1982) 
 
Fig. 16: Bordetella pertussis is sensitive to oxidative stress-mediated killing. Exponentially 
growing cultures of B. pertussis (OD600 = 1) were divided into aliquots to which corresponding 
volumes of solvent control (ethanol), or of the 400 µM DAE-NONOate solution, or of 100 µM H2O2 
were added for 2 h. Following plating on BGA, the numbers of viable CFU were counted after 5 days 
of growth. The values are means ±SD from at least 5 independent experiments performed in 




8.1. CyaA-provoked inhibition of ROS production by 
neutrophils 
Bordetella pertussis employs enzymatic activity of CyaA to escape killing by 
neutrophils 
In order to identify the mechanisms used by B. pertussis to impair killing by 
ROS-producing neutrophils, we evaluated the survival of a hemolytic B. pertussis 
strain producing a catalytically inactive CyaA-AC
-
 toxoid unable to convert cellular 
ATP to cAMP (B.p. cyaA-AC
-
) in the presence of primary human neutrophils, and 
compared it to the survival of the parental B. pertussis Tohama I strain (B.p. cyaA-
wt) producing intact CyaA. As a negative control, a mutant not producing CyaA due 
to the deletion of the entire cyaA open reading frame (B.p. ΔcyaA) was used. As 
shown in Fig. 17, growth of B.p. cyaA-AC
-
 as well as B.p. ΔcyaA was completely 
blocked in comparison with the parental B.p. cyaA-wt strain when mixed with 
neutrophils at MOI 100:1. While B.p. cyaA-wt culture continued to grow in a manner 
close to the theoretical growth curve in the presence of neutrophils, the B.p. cyaA-
AC
-
 and B.p. ΔcyaA cells did not multiply during the entire experiment. This result 
suggests that the CyaA enzymatic activity impairs the bactericidal capacity of 
neutrophils and their ability to control the growth of B. pertussis. 
 
Fig. 17: Growth of B. pertussis in the presence of neutrophils. Primary human neutrophils were 
mixed with either B.p. cyaA-wt, B.p. cyaA-AC
-
, or B.p. ΔcyaA at MOI 100:1. At the indicated time, 
aliquots of cultures were diluted and plated on BGA. CFU of recovered bacteria were counted 5 days 
later. Values represent one representative result out of 5 independent experiments performed in 
triplicates. **, p<0.001 versus B.p. cyaA-wt starting inoculum; †, p<0.001 versus B.p. cyaA-wt at the 
indicated time point 
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Bordetella pertussis inhibits ROS production by neutrophils 
As shown in Fig. 16, B. pertussis is sensitive to ROS-mediated killing. 
However, it is also known that CyaA inhibits ROS production by neutrophils (Confer 
and Eaton, 1982; Pearson et al., 1987). We, therefore, examined if the inhibition of 
ROS production by CyaA is the reason for the prolonged survival of B.p. cyaA-wt. 
Primary human neutrophils were infected by B.p. cyaA-wt, B.p. cyaA-AC
-
, and B.p. 
ΔcyaA at MOI 100:1 and the production of ROS was examined. As shown in the Fig. 
18, non-opsonized B.p. cyaA-wt was able to efficiently inhibit ROS production by 
human neutrophils. In contrast, neither B.p. ΔcyaA nor B.p. cyaA-AC
-
 were able to 
diminish ROS production by neutrophils. This suggests that the prolonged survival 
of non-opsonized B.p. cyaA-wt in the presence of neutrophils was due to the 
inhibition of ROS production by the enzymatic activity of CyaA. 
 
Fig. 18: B. pertussis inhibits ROS production in neutrophils. Primary human neutrophils were 
activated either with unopsonized paraformaldehyde-inactivated (PFA I B.p.), or with live B.p. cyaA-
wt or mutant bacteria lacking the CyaA enzymatic activity B.p. cyaA-AC
-
, or with mutant bacteria 
defective in production of whole CyaA toxin B.p. ΔcyaA. at MOI 100:1. The values in left panel 
represent relative ROS production to PFA I B.p. control from three independent experiments (n=3). In 
the right panel, the time dependence of ROS production is shown and the values represent the results 
of one representative out of three independent experiments. **, p<0.001 versus PFA I B.p. 
CyaA inhibits ROS production stimulated by opsonized zymosan, fMLP, adhesion, 
or phagocytosis in a time and toxin dose-dependent manner 
In order to characterize the CyaA-hijacked mechanism by which B. pertussis 
inhibits ROS production, we first induced ROS production in primary human 
neutrophils using serum opsonized-zymosan, in order to mimic ROS production 
stimulated by binding of complement-opsonized bacteria and phagocytosis. As 
shown in Fig. 19 and in agreement with previously published observations (Confer 
and Eaton, 1982), ROS production triggered by complement-opsonized zymosan was 




Fig. 19: CyaA inhibits ROS production induced by opsonized-zymosan in neutrophils. Primary 
human neutrophils were pre-incubated with CyaA at the indicated concentration for 5 minutes prior to 
stimulation with 1 mg/ml of serum-opsonized zymosan. ROS production was measured over the 
indicated period of time. The values in the left panel represent relative ROS production from three 
independent experiments (n=3). In the right panel, the time dependence of ROS production is shown 
and the values represent the results of one representative experiment out of three performed. **, 
p<0.001 versus opsonized-zymosan control. 
To verify that the observed inhibition of ROS production was not due to the 
induction of neutrophil apoptosis by CyaA, we examined the presence of apoptosis 
markers on neutrophils. Hoechst 33258 exclusion and cell surface-exposed 
phosphatidyl serine staining by Annexin V was examined. This allowed us to 
distinguish between living cells (Hoechst 33258 neg., Annexin V neg.), cells in the 
state of early apoptosis (Hoechst 33258 neg., Annexin V pos.), cells in late apoptosis 
state (Hoechst 33258 pos., Annexin V pos.), and cells undergoing necrosis (Hoechst 
33258 pos., Annexin V neg.). As shown in Fig. 20, addition of CyaA-AC
-
 had no 
impact on the spontaneous apoptosis of neutrophils, as compared to non-stimulated 
cells, or to cells stimulated with 1 mg/ml of opsonized zymosan. In contrast, 
neutrophils treated with 100 ng/ml of CyaA remained viable and underwent 
spontaneous apoptosis to a much lower extent. No necrosis was detected in either 
case. The action of active CyaA toxin thus inhibited the spontaneous apoptosis of 




Fig. 20: CyaA inhibits spontaneous apoptosis in neutrophils. Primary human neutrophils were pre-
incubated with 100 ng/ml of either CyaA or CyaA-AC
-
 for 5 minutes prior to stimulation with 1 
mg/ml of serum-opsonized zymosan. Apoptosis was detected by FACS using Hoechst 33258 and 
Annexin V staining. The values represent data for one representative experiment out of three 
performed in triplicates. 
As further shown in Fig. 21, CyaA also inhibited ROS production elicited by 
formyl-methionyl-leucinyl-phenylalanine (fMLP), by phagocytosis of complement-
opsonized E. coli, or by the adhesion to surface coated by IgG-opsonized BSA, or 
poly-RGD peptide. It is, however, important to note that the sensitivity of neutrophils 
to CyaA differed in function of the source of neutrophils (donor), which lead to high 
inter-experimental variability. As could be expected, neutrophils obtained from one 
donor may respond to lower CyaA concentration than cells from another donor (cf. 
Fig. 21A). The effects of CyaA treatment of neutrophils depended on the time of pre-
incubation with the toxin and on the concentration of the toxin. 
Based on these experiments, fMLP stimulation of neutrophils was used for 
further dissection of the signaling pathway leading to the inhibition of ROS 





Fig. 21: CyaA inhibits ROS production induced by fMLP, phagocytosis, and attachment. A. 
Primary human neutrophils were pre-incubated with CyaA at the indicated concentration for 5, 10, or 
20 minutes prior to stimulation with 300 nM fMLP and ROS production was measured for 330 
seconds. Mean values for relative ROS production (left panel; mean values out of three independent 
experiments) and time-course of ROS production by neutrophils pre-incubated with CyaA for 10 
minutes (right panel; one representative result out of three independent experiments) are shown. B. 
Primary human neutrophils were pre-incubated with CyaA variants at the indicated concentration for 
5 minutes prior to stimulation with the indicated agent. ROS production was measured for 1 hour. 
Mean values for relative (left panel) and absolute (right panel) ROS production out of three 
independent experiments (n=3) are shown. **, p<0.001 versus activator-only treated control 
Enzymatic activity of CyaA is sufficient for the inhibition of ROS production 
The results presented in Fig. 18 suggested that the enzymatic activity (cAMP 
production) of the CyaA toxin played a crucial role in inhibition of ROS production. 
To corroborate this, we evaluated the contribution of the other CyaA activities to 
inhibition of ROS production. Therefore, we compared wild-type CyaA causing 
conversion of ATP into cAMP, Ca
2+
 influx, and forming pores in target membrane, 
to the effects of enzymatically inactive CyaA-AC
-
 toxoid that is unable to convert 
ATP into cAMP, while it still causes Ca
2+
 influx and forms pores in cell membranes. 
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) that is 
devoid of enzymatic activity and causes much lower Ca
2+
 entry, while it exhibits a 
strongly increased pore-forming activity. The activities of the used CyaA variants are 
summarized in Table 2. 
Table 2.: Comparison of activities of used CyaA variants. 
Toxoid cAMP production Ca
2+
 influx Pore formation 
CyaA + + + 
CyaA-AC
-
 - + + 
CyaA-KK-AC
-
 - +/- +++ 
The activity of recombinant wild-type CyaA, of the detoxified CyaA-AC
-
, lacking the ATP to cAMP-
converting activity, and of the hyperhemolytic and detoxified CyaA-KK-AC
-
 are given. +, activity at 
wild-type toxin level; +/-, activity decreased in comparison with wild-type toxin; -, activity is missing 
in comparison with wild-type toxin; +++, activity is strongly increased in comparison with the wild-
type toxin 
As shown in Fig. 22, CyaA almost completely blocked fMLP-stimulated ROS 





 toxoids inhibited oxidative burst in neutrophils even at 100 ng/ml 
concentration. In addition, membrane-permeable cAMP analogue, db-cAMP, ablated 





did not exhibit any additive effect, as compared 
to the activity of db-cAMP alone. Taken together, these results show that the 
inhibition of oxidative burst capacity of neutrophils was specifically due to the 
elevation of cytosolic cAMP concentration by the AC enzyme activity of the CyaA 
toxin. 
We next measured cAMP accumulation in CyaA-treated neutrophils in order 
to correlate the CyaA enzymatic activity with its inhibitory effect on ROS 
production. As shown in Fig. 23, CyaA at a concentration of 1 ng/ml, at which it did 
not significantly inhibit ROS production, did not cause any significant accumulation 
of cAMP in neutrophils even after 20 minutes of co-incubation. In contrast, 10 ng/ml 
of CyaA increased intracellular concentration of cAMP already in 5 minutes, and the 
production was rising even at 20 minutes after the toxin addition. Similarly, 100 
ng/ml of CyaA caused strong cAMP production already at 5 minutes, reaching a 




Fig. 22: CyaA-provoked cAMP accumulation is sufficient for inhibition of ROS production by 
neutrophils. Primary human neutrophils were pre-incubated with CyaA variants at the indicated 
concentration in the presence or absence of 1mM db-cAMP for the indicated time prior to stimulation 
with 300 nM fMLP. ROS production was measured over time as shown in right panel (330 seconds). 
Mean values for relative ROS production (left panel) and time-course (right panel) of ROS production 
by neutrophils pre-incubated with CyaA for 10 minutes are shown. The time-course of ROS 
production is from one representative experiment out of three performed. **, p<0.001 versus fMLP 
treated control 
 
Fig. 23: CyaA-mediated accumulation of cAMP in neutrophils. Primary human neutrophils (2 x 
10
6
 cells/ml) were incubated with CyaA for the indicated time. The total amount of cAMP in cell 
lysates was measured using a competition ELISA assay. Mean values for one representative 
experiment out of three independent experiments performed in triplicates are given. 
Both PKA and Epac activation yield inhibition of ROS production 
To define the role of CyaA-provoked PKA and Epac signaling in inhibition of 
ROS production, neutrophils were pre-incubated with unspecific (db-cAMP), PKA-
specific (6-Bnz-cAMP), or Epac-specific (8-CPT-cAMP) membrane-permeable 
cAMP analogues for 20 minutes prior to stimulation by fMLP. As shown in Fig. 24, 
all cAMP analogues were able to inhibit ROS production, although the PKA 
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activator (6-Bnz-cAMP) was less potent than the Epac-specific activator (8-CPT-
cAMP) or the unspecific activator (db-cAMP). 
Fig. 24: Both PKA and Epac inhibit ROS production in neutrophils. Primary human neutrophils 
were pre-incubated with 10 ng/ml of CyaA or with 1 mM cAMP analogues for 20 minutes at 37°C 
prior to stimulation with 300 nM fMLP. ROS production was measured over time as documented in 
the right panel (330 seconds). The values in the left panel represent relative ROS production from 
three independent experiments (n=3). In the right panel, the time dependence of ROS production is 
shown and the values represent the results of one representative out of three independent experiments. 
*, p<0,01; **, p<0.001 versus fMLP treated control 
To verify the involvement of PKA in the inhibition of ROS production in 
neutrophils, PKA activity was blocked by the cAMPS or H-89 inhibitors. As shown 
in Fig. 25, CyaA was still able to block ROS production in neutrophils treated with 
PKA inhibitors. The presence of either PKA inhibitor diminished but did not 
completely reverse the inhibitory effects of CyaA action on fMLP-induced ROS 
production. These results suggest that both PKA and Epac are involved in CyaA-
provoked inhibition of ROS production by neutrophils. 
Fig. 25: Inhibition of PKA reverses in part the inhibitory effect of CyaA action on ROS 
production in neutrophils. Neutrophils were pretreated with PKA inhibitors cAMPS (1 mM; A.) or 
H-89 (10 μM; B.) for 20 minutes prior to the addition of CyaA. ROS production was subsequently 
induced by the addition of 300 nM fMLP and measured over 330 seconds. The results represent mean 
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values from 3 independent experiments (n=3). **, p<0.001 versus fMLP treated control; †, p<0,01 
versus each other 
CyaA blocks ROS production in neutrophils by the inhibition of PLC 
As illustrated in Fig. 4, ROS production requires the activity of PI3K and of 
PLC. To examine the effects of CyaA treatment on PI3K activity, we pre-incubated 
neutrophils for 5 minutes with 100 ng/ml of CyaA prior to fMLP stimulation for 1 
minute. As shown in Fig. 26, CyaA was unable to inhibit production of PIP3 in 
neutrophils stimulated by fMLP. 
 
Fig. 26: CyaA does not block PIP3 accumulation in neutrophils. Primary human neutrophils were 
pre-incubated with 100 ng/ml of CyaA for 5 minutes prior to stimulation with the indicated 
concentration of fMLP for 1 minute. The total amount of PIP3 in cells was determined by mass 
spectrometric analysis following the extraction of lipids. The values in left panel represent relative 
PIP3 production from two independent experiments. In the right panel, the total PIP3 production is 
shown and the values represent the results of one representative out of two independent experiments. 
To assess the effect of CyaA on PLC activity, ROS production was triggered 
by the PLC activator m-3M3FBS. As shown in Fig. 27A, pre-incubation of 
neutrophils with CyaA blocked m-3M3FBS-induced ROS production. However, in 
m-3M3FBS activated neutrophils, CyaA exhibited slightly lower inhibitory potency 
when compared to fMLP stimulated cells. o-3M3FBS was used as a negative control 
as this compound activates neither PLC nor ROS production (Bae et al., 2003). In 
contrast, neutrophils activated with 1 µM PMA, a direct PKC activator, were 
completely resistant to CyaA-provoked inhibition of ROS production (Fig. 27B). 
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Fig. 27: CyaA differentially regulates PLC and PKC. Primary human neutrophils were pre-
incubated with CyaA variants at the indicated concentration prior to stimulation with either 12.5 μM 
m-3M3FBS (A) for direct PLC stimulation or 1 μM PMA (B) for direct PKC stimulation. ROS 
production was measured over 5 minutes or 1 hour, respectively. Mean values for relative ROS 
production compared to positive control are given (n=3). **, p<0.001 versus positive control 
We further examined the impact of CyaA on ROS production stimulated with 
lower PMA concentrations. Although PMA did not induce significant ROS 
production at the lowest concentrations used (0.01 and 0.03 μM), signaling started by 
higher PMA doses (0.3 μM) was already resistant to CyaA action. As shown in Fig. 
28, only signaling provoked by moderate PMA concentrations, at ~ 0.1 μM, was 
sensitive to CyaA action. These results suggest that CyaA inhibited PLC, whereas 
PI3K and PKC were not strongly influenced by the cAMP signaling that resulted 
from CyaA action. 
Fig. 28: PMA stimulates ROS production in a dose-dependent manner. Primary human 
neutrophils were pre-incubated for 20 minutes with 100 ng/ml CyaA prior to stimulation with 
indicated concentrations of PMA. The ROS production was measured for 1 hour. Mean values 
represent the total amount of ROS produced (left panel) and the normalized ROS production (right 




To test the hypothesis that CyaA inhibits PLC, we measured the total amount 
of its diacylglycerol (DAG) product in the membranes of CyaA treated neutrophils. 
The cells were treated with 10 ng/ml of CyaA for 10 minutes before fMLP 
stimulation for 1 minute. As shown in Fig. 29, CyaA completely blocked the fMLP-
stimulated conversion of PIP2 into DAG. 
 
Fig. 29: CyaA inhibits fMLP-stimulated DAG formation. Primary human neutrophils were pre-
incubated with 10 ng/ml CyaA for 20 minutes prior to stimulation with 300 nM fMLP for 1 minute. 
The total amount of DAG in cells was determined by mass spectrometry of extracted lipids. The 
values represent one representative result out of three independent experiments. **, p<0,001 versus 
fMLP control 
CyaA does not inhibit ROS production in primed neutrophils 
Neutrophils were previously shown to be important for the clearance of B. 
pertussis in immunized mice (Andreasen and Carbonetti, 2009) that respond to 
antigenic restimulation by TNFα secretion from macrophages (Macdonald-Fyall et 
al., 2004). To examine why do neutrophils play a more important role in immunized 
animals than in the non-immunized ones, we mimicked the effect of immunization 
by priming of neutrophils in vitro with either 2 U/ml TNFα or with 3 nM fMLP. As 
shown in Fig. 30, the primed neutrophils were completely resistant to CyaA and no 




Fig. 30: CyaA does not inhibit ROS production by primed neutrophils. Primary human 
neutrophils were primed by 3 nM fMLP or 2 U/ml of TNFα for 30 minutes at 37°C prior to addition 
of indicated concentration of CyaA for 5 minutes. ROS production was subsequently induced by 300 
nM fMLP. Mean values represent the total amount of ROS produced and normalized ROS production 
out of three independent experiments (n=3).  
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8.2. CyaA-provoked inhibition of RNS production by 
macrophages 
Bordetella pertussis employs enzymatic activity of CyaA to protract its survival 
inside macrophages 
CyaA toxin production was previously found to be required for the 
persistence of unopsonized B. pertussis in macrophages (Friedman et al., 1992). The 
precise mechanism employed by CyaA to corrupt bactericidal mechanisms of 
macrophages remained, however, unclear. To set up a working model of B. pertussis 
interaction with macrophages, the survival of B.p. cyaA-AC
-
 (a hemolytic B. pertussis 
strain producing a catalytically inactive CyaA-AC
-
 toxoid) in murine RAW264.7 
macrophage cells was compared at MOI 10:1 to the persistence of the parental B. 
pertussis Tohama I strain (B.p. cyaA-wt) producing intact CyaA. As a negative 
control, B.p. ΔcyaA (a mutant not producing CyaA due to the deletion of the entire 
cyaA open reading frame) was used. As shown in Fig. 31, the association of cyaA-
AC
- 
or of ΔcyaA bacteria with the RAW264.7 macrophages after 1 h of co-incubation 
was not impaired by the inability to produce enzymatically active CyaA toxin. When 





), or not producing CyaA at all (ΔcyaA), was even enhanced (~120%). 
Although the differences were not statistically significant, this observation would go 
well with the previously shown capacity of CyaA to provoke cAMP-triggered 
unproductive actin cytoskeleton rearrangements and macrophage ruffling (Kamanova 




Fig. 31: Interaction of B. pertussis with macrophage cells. RAW264.7 cells were infected at MOI 
10:1 for 1 h (37°C, 5% CO2) by centrifuging (640 x g, 5 min) onto macrophages the GFP-expressing 
wild-type B. pertussis Tohama I (B.p. cyaA-wt), the bacteria producing enzymatically inactive CyaA-
AC
-
 toxoid (B.p. cyaA-AC
-
), or B. pertussis lacking the cyaA gene (B.p. ΔcyaA), respectively. Upon 
co-incubation for 1 h at 37°C, the cells were washed and fixed with 4% PFA (20 min). Extracellular 
bacteria were stained with rabbit anti-B. pertussis serum and detected with the Cy5-labeled goat anti-
rabbit IgG conjugate. TRITC-phalloidin (1 µg/ml) was used for actin staining and DAPI (10 µg/ml) 
for visualization of nuclei. Representative images from one out of five independent experiments are 
shown (scale bar = 5 µm). 
In contrast to enhanced initial uptake, the survival of the cyaA-AC
- 
and ΔcyaA 
bacteria within murine macrophages was significantly impaired in 24 h compared to 
the survival of B.p. cyaA-wt as shown in Fig. 32. After 48 h of incubation, about two 
orders of magnitude lower viable counts of the mutants were recovered from 
RAW264.7 cells. Hence, the enzymatic AC activity of CyaA was crucial for 




Fig. 32: Killing of B. pertussis by macrophages. The RAW264.7 cells were infected at MOI 10:1 as 
above and after 1 h of co-incubation the cells were washed and replaced for 1 h into D-MEM with 100 
µg/ml of polymyxin B to kill extracellular bacteria. The infected cells were incubated for additional 
24, 48, or 72 h prior to lysis and determination of CFU of recovered bacteria. Values represent the 
means ±SD from at least 10 independent experiments (n=10). **, p<0.001 versus B.p. wild-type 
control 
Bordetella pertussis is not killed by ROS in macrophages 
CyaA-catalyzed elevation of cAMP was previously shown to efficiently block 
bactericidal activities of neutrophils (cf. Fig. 16)(Confer and Eaton, 1982; Pearson et 
al., 1987)(Confer and Eaton, 1982; Pearson et al., 1987). However, as shown in Fig. 
33, despite responding by the production of ROS to stimulation by complement-
opsonized zymosan, the RAW264.7 cells produced little or no ROS upon incubation 
with heat-killed B. pertussis cells, regardless of whether these were opsonized by 
complement or not. It therefore appeared unlikely that the unopsonized bacteria, 
eliciting even lower ROS production than opsonized bacteria, were killed in 
RAW264.7 cells by oxidative burst. 
To verify that opsonization of B. pertussis used here was due to complement 
and was not due to contaminating antibodies, we measured titers of anti-Bordetella 
antibodies in the sera used for opsonization. As shown in Fig. 34, no antibodies 
against B. pertussis components were detected in sera used for opsonization 





Fig. 33: B. pertussis does not induce ROS production in macrophages. RAW 264.7 macrophages 
were activated with either complement-opsonized zymosan, or with complement-opsonized B.p. 
cyaA-wt or unopsonized B.p. cyaA-wt bacteria at MOI 10:1. ROS production was measured over the 
indicated period of time. The values in the left panel represent means of relative ROS production 
compared to HI control out of three independent experiments (n=3). The right panel represents the 
time dependence of ROS production. The values represent the results of one experiment out of three 
independent. 
 
Fig. 34: Sera used for opsonization experiments do not contain anti-B. pertussis antibodies. The 
amounts of antibodies against PTX, CyaA, and FHA as well as against the heat-inactivated B.p. cyaA-
wt cells were measured in donor sera (empty marks) or in serum from pertussis convalescent patients 
as positive controls (full marks) using an ELISA assay. Pertussis convalescent patient serum was used 
as a positive control. A representative result for one donor serum is shown. 
Bordetella pertussis inhibits NO production by macrophages 
Macrophage cells are known to produce substantial amounts of bactericidal 
nitric oxide (Noda and Amano, 1997). Moreover, B. pertussis was shown to persist 
much better inside activated macrophages from iNOS-deficient mice (Canthaboo et 




As shown in Fig. 35, significantly decreased NO production was observed in 
RAW264.7 macrophages infected with bacteria producing intact CyaA (B.p. cyaA-
wt), as compared to RAW264.7 cells co-incubated with heat-inactivated (HI) B. 
pertussis, or to macrophages infected with B.p. cyaA-AC
-
 or B.p. ΔcyaA bacteria, 
respectively. This suggested that signaling of CyaA-produced cAMP interfered with 
TLR-triggered induction of NO production. 
 
Fig. 35: B. pertussis inhibits NO production in macrophages. RAW264.7 macrophages were 
incubated with heat-inactivated (HI) B.p. cyaA-wt, or live B.p. cyaA-wt, B.p. cyaA-AC
-
, or B.p. ΔcyaA 
cells for 24 h before NO production was measured in culture supernatants. Values represent the means 
±SD from three experiments performed in triplicates (n=9). **, p<0.001 vs. HI B.p. cyaA-wt control 
As shown in Fig. 36A, exposure to as little as 1 ng/ml of CyaA did 
significantly decrease LPS-induced NO production in RAW264.7 macrophages and 
the higher concentrations of CyaA blocked it nearly completely. This was clearly and 
specifically due to the elevation of cAMP concentration by the AC enzyme activity 
of the CyaA toxin, as the LPS-inducible NO production was also inhibited upon 
RAW264.7 cell exposure to the membrane-permeable cAMP analog db-cAMP (1 
mM). In contrast, cell exposure to the non-enzymatic CyaA-AC
-
 toxoid, unable to 
raise cAMP levels, had no effect on the induction of NO production by LPS. As 
further shown in Fig. 36B, the inhibition of NO production by CyaA was also fully 
reproduced in bone marrow-derived macrophages (BMDM) stimulated by LPS, 
showing that CyaA activity (cAMP elevation) blocked the induction of bactericidal 




Fig. 36: CyaA inhibits NO production in macrophages. RAW264.7 macrophages (A.) or BMDM 
(B.) were treated in the presence or absence of 100 ng/ml of LPS from E. coli with the CyaA variants 
or with 1 mM db-cAMP for 24 h. 10 M IBMX was added 1 h prior to the db-cAMP addition to cells 
and the produced NO was measured by the Griess reagent or by the DAF-FM probe. Values represent 
means ±SD from three independent experiments performed in triplicates (n=9). **, p<0.001 versus 
LPS-treated control 
As shown in Fig. 37, a detectable increase of intracellular cAMP 
concentration in RAW264.7 cells was observed already upon exposure of 
RAW264.7 macrophages for 5 minutes to CyaA at a concentration of 10 ng/ml, 
which corresponds well to toxin amounts detected in nasopharyngeal fluids from B. 
pertussis-infected humans and primates (Eby et al., 2013). The CyaA-catalyzed 
cAMP production in cells then peaked within 1 h and intracellular cAMP 
concentrations remained elevated for 24 h, regardless of whether the cells were 
activated by the addition of E. coli LPS (100 ng/ml) or not. Hence, signaling of LPS 
used for the induction of NO production did not interfere with cAMP elevation in 
macrophage cells. The peak amounts of cAMP produced upon exposure to 10 ng/ml 
of CyaA were fully comparable to cAMP levels resulting from infection of 
macrophages by wild-type B. pertussis for 24 h at the MOI 10:1, as used in the 
intracellular survival assay (cf. Fig. 32). It should, however, be noted that some 
increase of cAMP levels was also observed upon prolonged macrophage infection by 
the AC enzyme-deficient cyaA-AC
-
 mutant (Fig. 37). This was most likely due to the 
action of the pertussis toxin (PTX) produced by the mutant strain, as PTX can 
dysregulate the activity of the cellular adenylyl cyclase enzymes through inhibitory 
ADP-ribosylation of the Giα subunits of the trimeric G proteins (Katada and Ui, 
1982). The PTX-triggered cAMP elevation occurs, however, several hours after PTX 
penetration into cells and requires external stimuli activating the endogenous AC 
enzyme, while yielding substantially lower levels of cAMP than what CyaA 
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produces within minutes of contact with phagocytes (Bokoch et al., 1983). Hence, 
likely due to the delay in the onset of PTX-mediated cAMP elevation, which takes 8 
to 12 h to manifest (Bokoch et al., 1983), the PTX-mediated elevation of cAMP did 
not prevent the rapid killing of the cyaA-AC
-
 bacteria inside RAW264.7 cells (cf. Fig. 
32). 
 
Fig. 37: CyaA-mediated accumulation of cAMP in macrophages. RAW264.7 macrophages were 
treated with 10 ng/ml CyaA, in the presence or absence of 100 ng/ml of LPS for the indicated times, 
or were infected for 24 hours with the indicated B. pertussis strains as described in Fig. 30. The 
concentration of cAMP was measured in cell lyzates by competition ELISA assay. One representative 
result out of three independent experiments performed in triplicates is shown. 
CyaA-provoked inhibition of NO production is not due to the activation of 
arginases in macrophages 
Previously, Cheung and co-workers suggested that CyaA might interfere with 
bactericidal NO production through the induction of arginase expression (Cheung et 
al., 2008). A cAMP-dependent increase of arginase activity was, indeed, observed in 
CyaA-treated RAW264.7 cells, as shown in Fig. 38A. However, as shown in Fig. 
38B, the production of NO was not restored in CyaA-treated macrophages, neither 
upon selective inhibition of arginases by 100 μM nor-NOHA, nor at saturating 
concentrations of the arginase substrate L-arginine (12.8 mM), as shown in Fig. 38C. 
Thus, in contrast to the predicted role, arginases do not play any role in the inhibition 




Fig. 38: CyaA induces increase in arginase activity. A. RAW264.7 cells were incubated with CyaA 
and 100 ng/ml LPS for 24 h before total arginase activity was measured in cell lyzates. The values are 
means ±SD from three independent experiments performed in triplicates (n=9). B. RAW264.7 cells 
were pre-incubated for 1 h in the presence or absence of 100 M nor-NOHA prior to activation with 
100 ng/ml of LPS and/or addition of 10 ng/ml CyaA for 24 h. Values represent means ±SD from three 
independent experiments performed in triplicates (n=9). C. RAW264.7 cells were incubated with 100 
ng/ml of LPS and 10 ng/ml of CyaA in the presence of the indicated concentration of L-arginine for 
24 h. Values represent the means ±SD from three independent experiments performed in triplicates 
(n=9). **, p<0.001 vs. LPS-treated control 
CyaA inhibits the expression of iNOS in macrophages 
To corroborate the evidence that CyaA inhibits NO production by a 
mechanism independent of arginases, we examined the iNOS enzyme expression in 
RAW264.7 macrophages treated with CyaA. As revealed by immunodetection with 
specific antibodies in Fig. 39A, exposure to 1 ng/ml of CyaA resulted in a significant 
decrease of iNOS production in LPS-stimulated RAW264.7 cells, or primary 
BMDM. Moreover, no iNOS protein was detected in cells exposed to higher toxin 
concentrations (10 or 100 ng/ml) or to 1 mM db-cAMP. In line with this, a strong 
decrease of iNOS mRNA level was detected by quantitative PCR in such-treated 
RAW264.7 cells, as shown in Fig. 39B. Hence, treatment with the cell-permeable 
cAMP analogue fully reproduced the impact of CyaA toxin action, while cell 
exposure to the CyaA-AC
-
 toxoid had no effect. It can thus be concluded that the 
CyaA-produced cAMP signaling suppressed NO production in LPS-stimulated 
RAW264.7 cells through the inhibition of iNOS gene expression, rather than by the 




Fig. 39: CyaA down-regulates iNOS expression in macrophages. A. RAW264.7 macrophages or 
BMDM were treated at the indicated concentration of the indicated CyaA variant in the presence of 
100 ng/ml LPS. After 24 h, iNOS protein levels were detected by immunoblotting. For experiments 
with RAW264.7 cells, one representative blot out of three independent experiments is shown (n=3). 
For experiments with BMDM, cells were isolated from three animals and one blot representative out 
of 3 experiments is shown (n=3). Mean ±SD iNOS amounts were determined by densitometric 
analysis. B. RAW264.7 cells were treated as in A. After 24 h iNOS mRNA was quantified by qRT-
PCR. Relative iNOS mRNA levels normalized to iNOS mRNA extracted from LPS-treated control 
cells are expressed as fold change. Means ±SD of three independent experiments performed in 
duplicates (n=6) are given. *, p<0.01; **, p<0.001 versus LPS-treated control 
Intriguingly, the induction of arginases would be indicative of macrophage 
polarization towards the M2 phenotype, while the induction of the M1 phenotype-
associated COX-2 enzyme activity in murine macrophages by CyaA was previously 
reported (Perkins et al., 2007). We also did not observe here any alteration of the 
Mox macrophage markers NRF2 or HO-1 protein levels (Fig. 40) (Kadl et al., 2010). 
It appears, therefore, that the subversive cAMP-dependent signaling elicited by 




Fig. 40: CyaA does not influence NRF2 and HO-1 protein abundance. Raw264.7 cells were 
treated with or without 100 ng/ml LPS and with the indicated concentrations of CyaA variants or 1 
mM db-cAMP with 10 M IBMX for 24h. The presence of NRF2 and HO-1 was detected by 
immunoblotting. One representative blot out of three independent experiments is shown. The mean 
±SD of densitometric analysis from all three experiments is shown (n=3). 
CyaA blocks iNOS expression by cAMP-dependent activation of PKA 
cAMP activates signaling of the protein-kinase A (PKA) and of the Epac 
protein (Peters-Golden, 2009). To determine if PKA or Epac activities were involved 
in the suppression of LPS-induced iNOS expression by cAMP signaling, RAW264.7 
cells were pre-incubated with 10 µM phosphodiesterase inhibitor IBMX and 
stimulated by LPS in the presence of 1 mM cell-permeable cAMP analogues that (i) 
activate both PKA and Epac, such as db-cAMP, or (ii) selectively activate PKA, like 
6-Bnz-cAMP, or (iii) only Epac, like 8-CPT-cAMP, respectively. As shown in Fig. 
41A, signaling of 1 mM db-cAMP or of the PKA-specific activator 6-Bnz-cAMP 
provoked as significant inhibition of LPS-triggered NO production as exposure of 
cells to CyaA toxin (10 ng/ml). In contrast, treatment with the Epac-selective 
activator 8-CPT-cAMP had little effect on LPS-triggered NO production. As further 
shown in Fig. 41B, the 6-Bnz-cAMP (PKA activation) and db-cAMP treatments, but 
not the signaling of 8-CPT-cAMP (Epac activation), also provoked a loss of iNOS 
production in LPS-activated RAW264.7 macrophages. An insignificant effect of the 
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Epac activator was, however, also observed and it remains to be clarified whether it 
was due to a low level of unspecific activation of PKA by 8-CPT-cAMP, or whether 
Epac signaling also contributed to some extent to the suppression of iNOS gene 
expression. Nevertheless, as is also shown in Fig. 41C, activation of PKA by toxin-
produced cAMP appeared to be the dominant pathway through which the CyaA-
produced cAMP suppressed iNOS-mediated NO production in macrophages. The 
inhibition could be reversed to a great extent, though not fully, by the pre-incubation 
of cells with the PKA inhibitor H-89 (10 µM). Besides of the possibly incomplete 
inhibition of PKA at high cAMP levels produced by CyaA, the incomplete 
restoration of iNOS expression in H-89-treated cells was also likely due to some 
unspecific off-target effects of H-89. Indeed, as shown in Fig. 41C, the H-89 
inhibitor (10 µM) caused some observable reduction of LPS-stimulated iNOS 
expression on its own. H-89 is, indeed, known to be not entirely specific for PKA 
and to influence activities of other AGC kinases at concentrations used here (Bain et 
al., 2007). Moreover, the more specific inhibitors of PKA, such as mPKI or cAMPS, 
were found to be less potent in the reversal of the overwhelming cAMP-mediated 
impact of CyaA action on iNOS expression (data not shown). It remains, therefore, 
possible that H-89 may also interfere with the induction of iNOS expression at some 
step downstream of PKA signaling. Collectively, these results show that the CyaA 
toxin inhibits iNOS expression predominantly through cAMP-mediated hijacking of 
the PKA signaling pathway. 
 
Fig. 41: PKA activation by CyaA inhibits NO production A. RAW264.7 cells were pre-incubated 
for 1 h in the presence or absence of 10 M IBMX before LPS (100 ng/ml) and 8-CPT-cAMP, 6-Bnz-
cAMP, or db-cAMP (1 mM) were added, respectively. NO production was detected after 24 h. Values 
represent the means ±SD from three independent experiments performed in triplicates (n=9). B. 
RAW264.7 cells were treated as in A. CyaA was added to the cells concomitantly with LPS and iNOS 
was detected by immunoblotting. One representative blot out of three independent experiments is 
shown. C. RAW264.7 cells were pre-incubated for 1 h with or without the PKA inhibitor H-89 (10 
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µM) prior to stimulation with 100 ng/ml LPS and 10 ng/ml of CyaA. After 24 h, the levels of iNOS 
protein were detected by immunoblotting. One representative blot out of three independent 
experiments is shown. The means ±SD of densitometric analysis from three experiments are shown 
(n=3). **, p<0.001 versus LPS treated control; †, p<0.01 versus each other 
CyaA-provoked inhibition of JNK causes the block of NO production 
NO production and iNOS expression is known to be regulated by the activity 
of MAPK (Brubaker et al., 2011), which was previously shown to be influenced by 
CyaA-mediated production of cAMP. We, therefore, analyzed the impact of MAPK 
inhibition on NO production and compared it with the effects of CyaA. As shown in 
Fig. 42, neither inhibition of p38, nor inhibition of ERK signaling due to the 
inhibition of its MEK activators did result in any major changes in NO production. In 
contrast, the inhibition of JNK led to a weak but statistically significant decrease of 
NO production. This result suggests that while JNK activity is required for NO 
production, neither p38, nor ERK signalization is needed for LPS-stimulated NO 
production. 
As further shown in Fig. 42, neither JNK, nor MEK inhibitors exhibited any 
additive effect to CyaA-provoked inhibition of NO production. In contrast, p38 
inhibitor potentiated the effects of CyaA. Taken together, these results suggest that 
neither ERK, nor p38 play any role in the effects of CyaA on NO production. In 
contrast, CyaA likely provoked inhibition of NO production through inhibition of 
JNK. 
 
Fig. 42: CyaA-triggered inhibition of JNK contributes to inhibition of NO production in 
macrophages. RAW264.7 macrophages were pre-incubated with inhibitors of indicated MAPKs for 1 
hour prior to the addition of 100 ng/ml LPS and/or 10 ng/ml CyaA. NO production was detected after 
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24 h. Values represent the means ±SD from three independent experiments performed in triplicates 
(n=9). *, p<0.01; **, p<0.001 versus LPS treated control; †, p<0.01 versus each other’s 
Pore-forming capacity of CyaA activates MAPKs 
It was previously hypothesized that CyaA influences different MAPK 
pathways leading to dysregulation of immune functions of leukocytes. In addition to 
our above described finding that CyaA employs the inhibition of JNK to decrease 
NO production, p38 was shown to be activated by CyaA in DCs and T lymphocytes 
(Hickey et al., 2008; Rossi Paccani et al., 2009). To study this in more detail, we 
incubated BMDCs with a detoxified CyaA-AC
-
 toxoid, with a detoxified toxoid that 










). The activities of the used CyaA variants are 
summarized in Table 3. 
Table 3.: Comparison of activities of used CyaA variants. 
Toxoid cAMP production Ca
2+
 influx Pore formation 
CyaA + + + 
CyaA-AC
-
 - + + 
CyaA-QR-AC
-
 - + +/- 
CyaA-KK-AC
-
 - +/- +++ 
The activity of recombinant CyaA, of detoxified CyaA-AC
-
 lacking the ATP to cAMP-converting 
activity, of detoxified CyaA-QR-AC
-
 toxoid with decreased pore-forming activity, and of 
hyperhemolytic and detoxified CyaA-KK-AC
-
 are given. +, activity at wt toxin level; +/-, activity 
decreased in comparison with wt toxin; -, activity is missing in comparison with wt toxin; +++, 
activity is strongly increased in comparison with wt toxin 
As shown in Fig. 43, toxoids with either preserved, or increased pore-forming 
capacity highly increased the activatory phosphorylation of JNK, while the toxoid 
with decreased pore forming capacity failed to influence JNK phosphorylation. As 
further shown in Fig. 43, p38 was also more phosphorylated in cells exposed to the 
CyaA variant exhibiting enhanced specific pore-forming activity. Thus p38 was 
activated by CyaA pore-dependent signaling, while the enzymatic activity of the 
toxin played a minor role. In contrast, while JNK could be also activated by signaling 
provoked by CyaA pores, the enzymatic activity of the toxin reverted this process 




Fig. 43: Pore-forming activity of CyaA induces JNK and p38 phosphorylation. BMDC were 







 for the indicated time. Phosphorylation of JNK and p38 was determined by 
immunoblotting. One representative blot out of three experiments on independent BMDC preparations 
is shown. The means ±SD of densitometric analysis from three experiments are shown (n=3). *, 
p<0.001 versus LPS treated control 
CyaA potentiates LPS-mediated NF-κB activation 
MAPKs are known to regulate a broad range of transcription factors (Seger 
and Krebs, 1995) and some of them, such as NF-κB, Stat1, IRF1, and AP-1, are 
known to regulate iNOS expression (Kleinert et al., 2003; Lee et al., 2005a; Pautz et 
al., 2010). The NF-κB transcription factor is sequestered in the cytoplasm by its 
inhibitor IκB that can be phosphorylated in activated cells. This leads to IκB 
ubiquitination and proteasomal degradation. Therefore, we first analyzed the 
phosphorylation status of IκB. As shown in Fig. 44A, the basal level of IκB protein, 
as well as its basal phosphorylation was detected in non-activated RAW264.7 
macrophages. Although some increase in IκB protein was observed after LPS 
activation of macrophages, the increase in its phosphorylation was much more 
dramatic. This suggests that after LPS activation of macrophages, NF-κB is, indeed, 
activated. As further shown in Fig. 44A, however, a decrease in IκB protein level was 
provoked by CyaA, but not by CyaA-AC
-
. This suggests that NF-κB was activated 
by signaling of CyaA-produced cAMP. 
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To corroborate that NF-κB was not sequestered in the cytoplasm of toxin-
treated cells by another mechanism than by IκB binding, we monitored the 
translocation of the p65 subunit of NF-κB into cell nucleus. As shown in Fig. 44B, 
LPS caused a strong translocation of p65 into the nucleus. In agreement with our 
observation shown in the Fig. 44A, CyaA action itself caused a weak p65 nuclear 
transport. Moreover, CyaA action potentiated p65 nuclear export in LPS treated 
RAW264.7 macrophages. Therefore, we examined the effect of CyaA treatment on 
NF-κB-dependent transcription in RAW264.7 macrophages transfected with a 
plasmid encoding GFP under the control of NF-κB promoter. As shown in Fig. 44C., 
a significant increase in the amount of GFP-expressing cells was observed upon 
treatment of transfected macrophages with 100 ng/ml of LPS in combination with 
100 ng/ml of CyaA, as compared to LPS-treated control. This shows that NF-κB 
activity is increased in response to LPS and CyaA treatment. For this reason, the 
effect of the CyaA/cAMP on NF-κB activation likely played no role in the inhibition 
of iNOS expression. 
 
Fig. 44: CyaA activates NF-B. A. RAW264.7 cells were treated with or without 100 ng/ml LPS and 
with the indicated concentrations of CyaA for 24 h. The presence and phosphorylation of IB was 
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detected by immunoblotting. One representative blot out of three independent experiments is shown. 
The mean ±SD of densitometric analysis from three experiments is shown (n=3). B. RAW264.7 cells 
were treated with or without 100 ng/ml LPS and/or 10 ng/ml CyaA for 1 hour. Subcellular localization 
of p65 was detected by specific antibody and visualized using confocal microscopy. Images 
representative of 3 independent experiments are shown. The scale bar corresponds to 5 m. C. 
RAW264.7 macrophages were transfected with a plasmid carrying the GFP gene under the control of 
the NF-B promoter. 24 hours after transfection, cells were treated with or without 100 ng/ml LPS 
and/or 10 ng/ml CyaA for an additional 6 hours. GFP expression was quantified using FACS. Values 
represent the mean of relative amounts of GFP expressing cells ±SD from three independent 
experiments performed in triplicates (n=9). *, p< 0,01; **, p<0.001 vs. control 
CyaA inhibits Stat1 and IRF1 
We further examined the effect of CyaA on the activity of Stat1 transcription 
factor. Stat1 activity correlates with its phosphorylation on the Y701 and S727 
residues. As shown in Fig. 45, CyaA caused dephosphorylation of LPS-activated 
Stat1 both on Y701, as well as on S727 in a dose dependent manner during the 24 
hours after toxin addition. Similarly, treatment of RAW264.7 macrophages with 10 
μM IBMX and 1 mM db-cAMP led to the complete dephosphorylation of Stat1. In 
contrast, Stat1 dephosphorylation was not observed in RAW264.7 macrophages 
treated with 100 ng/ml of CyaA-AC
-
. CyaA and db-cAMP, but not CyaA-AC
-
, also 
caused a decrease in the total amount of transcription factor IRF1. Thus, CyaA 
causes inhibition of Stat1 and IRF1 transcription factors by a mechanism dependent 
on cAMP production. 
 
Fig. 45: CyaA inhibits Stat1 and IRF1. RAW264.7 cells were incubated with or without 100 ng/ml 
LPS and/or the indicated concentration of CyaA, or with 1 mM db-cAMP with 10 M IBMX for 24 
hours. Specific phosphorylation of Stat1 and the presence of IRF1 were detected by immunoblotting. 
To examine if inhibition of iNOS expression and NO production by CyaA 
was due to inhibition of Stat1 and IRF1, we examined the time dependence of Stat1 
dephosphorylation and inhibition of iNOS expression by CyaA. As shown in Fig. 46, 
iNOS expression could not be observed earlier than 6 hours after RAW264.7 cells 
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stimulation by 100 ng/ml LPS. Similarly, neither Stat1 activation nor the inhibitory 
effect of CyaA on Stat1 phosphorylation preceded iNOS expression. 
 
Fig. 46: Inhibition of Stat1 does not precede the block of iNOS expression. RAW264.7 cells were 
incubated with or without 100 ng/ml LPS and/or 10 ng/ml of CyaA. Expression of iNOS and specific 
phosphorylation of Stat1 were detected by immunoblotting. 
cAMP signaling through PKA causes the dephosphorylation of AP-1 
Another major transcription factor required for iNOS expression is AP-1 
(Bonaparte et al., 2006; Pautz et al., 2010). Therefore, we next examined if cAMP 
signaling of CyaA affected the regulatory phosphorylation of the c-Fos subunit of 
AP-1. As shown in Fig. 47, no phosphorylation of c-Fos was detected in untreated 
cells, while the activation of RAW264.7 macrophages by LPS resulted in 
hyperphosphorylation of c-Fos, which was detected as two bands in immunoblots 
with P-c-Fos antibody. Exposure of LPS-activated RAW264.7 cells to 10 ng/ml of 
CyaA then provoked a near-complete disappearance of the upper 
hyperphosphorylated c-Fos isoform, while the hypophosphorylated lower band of P-
c-Fos form was detected at comparable levels as in LPS-activated and mock-treated 
cells. In contrast, specific activation of Epac with 1 mM 8-CPT-cAMP did not affect 
TLR(LPS)-signaling-triggered phosphorylation of c-Fos, while the action of CyaA 
was almost fully reproduced by the PKA-activating analogues db-cAMP (1 mM) and 
6-Bnz-cAMP (1 mM), respectively. Activation of PKA by the cAMP analogues 
yielded a less complete dephosphorylation of the hyperphosphorylated P-c-Fos 
species (upper band) as that provoked by CyaA action. It, however, increased the 
relative detected amounts of the hypophosphorylated P-c-Fos isoform. Altogether, 
these data suggest that the activation of PKA signaling by CyaA-produced cAMP 
provokes dephosphorylation of the c-Fos subunit of the AP-1 transcription factor that 




Fig. 47: CyaA provokes dephosphorylation of the P-c-Fos subunit of AP-1 via PKA-mediated 
signaling. RAW264.7 macrophages were pre-incubated with or without 10 µM IBMX for 1 h before 
the addition of LPS (100 ng/ml) and/or CyaA (10 ng/ml), or db-cAMP, 6-Bnz-cAMP or 8-CPT-cAMP 
(1 mM), respectively. After 24 h, the active hyperphosphorylated P-c-Fos form (slower migrating 
upper band) and the inactive hypophosphorylated form (lower band) were detected by immunoblotting 
and are indicated by arrows, respectively. **, p<0.001 versus LPS treated control; †, p<0.01; ‡, 
p<0.001 versus IBMX control. 
CyaA/cAMP signaling blocks iNOS expression through activation of the SHP-1 
phosphatase 
No protein phosphatases directly activated by cAMP signaling have as yet 
been identified, but the tyrosine phosphatase SHP-1 is known to be involved in the 
regulation of numerous receptor signaling pathways in leukocytes and was 
previously implicated also in the regulation of iNOS expression (Blanchette et al., 
2009) and MAPK activity (Mizuno et al., 2002; Zhang et al., 2000). Therefore, we 
examined if SHP-1 activity played a role in cAMP/PKA-regulated dephosphorylation 
of c-Fos. As shown in Fig. 48, the CyaA-provoked dephosphorylation of the 
hyperphosphorylated (upper band) form of c-Fos was partly inhibited upon 
pretreatment of LPS-activated cells with NSC87877 (500 nM), an inhibitor of the 
SHP-1 and SHP-2 phosphatases. Moreover, increased amounts of the 
hypophosphorylated (faster migrating) isoform of c-Fos were observed in 
NSC87877-treated cells exposed to CyaA, indicating that SHP-1/2 activity may be 




Fig. 48: NSC87877 reverts CyaA-provoked dephosphorylation of c-Fos. RAW264.7 macrophages 
were pretreated with or without the 500 nM NSC87877 inhibitor of SHP-1/2 phosphatases for 1 h 
before 100 ng/ml LPS and 10 ng/ml of CyaA were added for 24 h and phosphorylation status of P-c-
Fos was analyzed by immunoblotting of cell lyzates. One representative blot out of three independent 
experiments is shown. The mean values ±SD from densitometric analysis are shown (n=3). **, 
p<0.001 versus LPS treated control; †, p<0.01 versus each other; ‡, p<0.001 versus NSC87877 
control 
Moreover, pretreatment with NSC87877 also restored in part the production 





Fig. 49: NSC87877 reverts inhibition of NO production and iNOS expression by CyaA. A. 
RAW264.7 macrophages were pretreated with or without the 500 nM NSC87877 inhibitor of SHP-1/2 
phosphatases for 1 h before 100 ng/ml LPS and 10 ng/ml of CyaA were added for 24 h and the 
production of NO was assessed. Values represent the means ±SD from three independent experiments 
performed in triplicates (n=9). B. RAW264.7 cells were treated as in A and after 24 h, the levels of 
iNOS protein were detected by immunoblotting. One representative blot out of three independent 
experiments is shown. The means ±SD form densitometric analysis of three experiments is shown 
(n=3). **, p<0.001 versus LPS treated control; †, p<0.01 versus each other 
Therefore, SHP-1 and SHP-2 expression was selectively knocked-down by 
siRNA and cAMP-induced inhibition of iNOS expression was examined. As shown 
in Fig. 50, CyaA fully suppressed production of NO in RAW264.7 macrophages 
transfected with non-targeting siRNA or with SHP-2-specific siRNA. Such cells 
expressed normal levels of the SHP-1 protein, as detected in immunoblots of cell 
lyzates with SHP-1-specific antibodies. In contrast, no detectable amounts of the 
SHP-1 protein were produced in cells repeatedly transfected with SHP-1-specific 
siRNA, in which exposure to CyaA provoked only a mild decrease of the LPS-
induced NO production. Moreover, in the absence of CyaA the cells with SHP-1 
knocked-down reproducibly responded to activation by LPS with a ~50% higher 
production of NO than control cells, or cells transfected by non-targeting or SHP-2-
specific siRNA. It can, therefore, be concluded that it was specifically the SHP-1 
tyrosine phosphatase that translated the PKA-mediated signaling of toxin-produced 





Fig. 50: SHP-1 is responsible for CyaA-provoked inhibition of NO production. RAW264.7 cells 
were transfected with either non-targeting, or SHP-1-, or SHP-2-specific siRNA, respectively. LPS 
(100 ng/ml) and/or CyaA (10 ng/ml) were added and incubation was continued for 24 h. The 
production of SHP proteins was analyzed by immunoblotting. Values represent the means ±SD from 
three independent experiments performed in triplicates (n=9). **, p<0.001 versus LPS treated control 
To corroborate that cAMP/PKA signaling activated the SHP-1 phosphatase, 
its activity was measured in the material pulled-down by SHP-1-specific antibody 
from lyzates of CyaA-treated cells. As documented in Fig. 51, about a two-fold 
higher SHP-1 phosphatase activity was, indeed, detected in immunoprecipitates from 
LPS-activated cells exposed to 10 ng/ml of CyaA for 10 or 30 min, compared to 
lyzates from cells exposed to LPS only. Intriguingly, this activation of SHP-1 was 
only transient and at 60 min of cell exposure to CyaA the levels of SHP-1 activity in 
cells decreased back to the steady state levels. 
To gain more insight into the possible mechanism of SHP-1 activity 
regulation by signaling of cAMP, we examined the phosphorylation of SHP-1 on 
residues known to be involved in up-regulation of the specific phosphatase activity. 
As shown in Fig. 52, at 30 min of cell exposure to toxin, no alteration of the 
activatory phosphorylation of Y564 and Y536 residues was detected, while a 
decrease of the inhibitory phosphorylation on S591 in 30 minutes was reproducibly 
observed. The exact mechanism of cAMP-dependent regulation of SHP-1 activity 
will, however, require further analysis, as at 60 min of CyaA action, where the SHP-
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1 activity was already back to initial level, no increase of the inhibitory 
phosphorylation of the S591 residue was observed. 
 
Fig. 51: CyaA induces SHP-1 activity. RAW264.7 or BMDM cells were treated with 10 ng/ml of 
CyaA for the indicated time in the presence of 100 ng/ml LPS. SHP-1 was immunoprecipitated and its 
phosphatase activity was measured and expressed relative to phosphatase activity. Mean values ±SD 
from three independent experiments are given. **, p<0.001 versus LPS treated control 
 
Fig. 52: CyaA causes decrease in inhibitory phosphorylation of SHP-1. RAW264.7 cells were 
treated with indicated CyaA variants for 30 minutes and the phosphorylation status of SHP-1 was 
analyzed by immunoblotting. One representative blot out of three independent experiments is shown. 
Mean values ±SD from densitometric analysis are given (n=3). **, p<0.001 versus LPS treated 
control; †, p<0.01 versus each other; ‡, p<0.001 versus NSC87877 control. 
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Inhibition of SHP phosphatase activity abrogates B. pertussis survival in 
macrophages 
It was then important to examine if SHP-1 activation by CyaA accounted for 
the extended survival of unopsonized B. pertussis inside mouse macrophages. As 
shown in Fig. 53A, treatment with the SHP-1/2 inhibitor NSC87877 (500 nM) 
enhanced by about two to three fold the total number of B. pertussis cells associated 
with and internalized by the RAW264.7 macrophages. This goes well with an earlier 
observation that the inhibition of the SHP-1 phosphatase enhances phagocytic 
activity of macrophages (Kant et al., 2002; Lee et al., 2011). In sharp contrast, the 
presence of the SHP inhibitor completely abrogated the capacity of B. pertussis to 
survive within macrophages, as documented in Fig. 53B. Almost no viable bacteria 
could be recovered from macrophages incubated with NSC87877 at 24 hours after 
infection, while in the absence of the SHP inhibitor the bacterial viability inside cells 
was decreasing gradually over 72 hours. Collectively, these data show that the 
activation of the SHP-1 phosphatase by CyaA-elicited signaling of cAMP enables 
unopsonized B. pertussis bacteria to extend their survival inside macrophage cells. 
 
Fig. 53: SHP-1 inhibition abrogates survival of Bordetella pertussis inside macrophages. Prior to 
infection with GFP-expressing B.p. cvaA-wt, the RAW264.7 macrophages were pre-incubated for 1 h 
with or without SHP-1/2 inhibitor NSC87877 (500 nM). A. After 1 h, the cells were washed, fixed, 
and analyzed as described in legend to Fig. 31. Representative images from at least five independent 
experiments are shown. The scale bar corresponds to 5 m. B. The RAW264.7 cells were treated as 
described in legend to Fig. 32. Cell lyzates were plated on BGA and bacterial CFU were counted after 
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5 days. Values represent the means ±SD from at least 10 independent experiments (n=10). **, p<0.01 
vs. Control 
CyaA-dysregulates AKT and FoxO3a activity 
In Fig. 32, we show that B. pertussis survives inside phagocytes for a limited 
period of time. Some authors have hypothesized that this could be an important 
virulence mechanism contributing to the long-lasting symptoms of whooping cough 
(Lamberti et al., 2010). This may, however, be also influenced by the CyaA-
dependent induction of apoptosis of phagocytes (Gueirard et al., 1998; Khelef et al., 
1993). The CyaA-provoked apoptosis of monocytes was shown to be due to the 
accumulation of the pro-apoptotic BimEL protein and the association of the pro-
apoptotic factor Bax with mitochondria (Ahmad et al., in press). This required 
cAMP/PKA signaling and depended on SHP-1 activity, being selectively inhibited 
upon siRNA knockdown of SHP-1. Moreover, signaling of CyaA-produced cAMP 
further inhibited the AKT/PKB pro-survival cascade, enhancing activity of the 
FoxO3a transcription factor and inducing Bim transcription. Hence, synergy of the 
FoxO3a activation with SHP-1 hijacking enabled the toxin to rapidly trigger a 
persistent accumulation of BimEL, thus activating the pro-apoptotic program of 
phagocytes and subverting the innate immunity of the host (Ahmad et al., in press). 
As shown in Fig. 54, cAMP production by 20 ng/ml of CyaA leads to 
dephosphorylation of AKT on both S473 and T308 residues and thus inhibits AKT 
pro-survival activity within 30 minutes of toxin action. In contrast, CyaA-AC
-
 toxoid 
did not influence or maybe even increased the AKT phosphorylation at the 




Fig. 54: CyaA inhibits AKT. THP-1 monocytes were incubated with the indicated concentration of 
CyaA variants for 30 minutes and the phosphorylation status of AKT was analyzed by 
immunoblotting. One representative blot out of three independent experiments is shown. Mean values 
±SD from densitometric analysis are given (n=3). *, p<0,05; **, p<0.01 versus control 
As further shown in Fig. 55, CyaA provoked the loss of FoxO3a inhibitory 
phosphorylation in monocytes. In contrast, exposure of monocytes to CyaA-AC
-
 
slightly increased FoxO3a phosphorylation. 
 
Fig. 55: CyaA causes decrease in inhibitory phosphorylation of FoxO3a. THP-1 monocytes were 
incubated with indicated concentration of CyaA variants for 30 minutes and phosphorylation status of 
FoxO3a was analyzed by immunoblotting. One representative blot out of three independent 
experiments is shown. Mean values ±SD from densitometric analysis are given (n=3). ***, p<0.001 
versus control 
AKT and PI3K signaling is not involved in the CyaA-provoked inhibition of NO 
production 
AKT and its upstream activator PI3K were previously also shown to play an 
important role in regulation of NO production (Tsukamoto et al., 2008). Therefore, to 
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determine if the above observed inhibition of AKT by CyaA action may be 
contributing to the inhibition of NO production, we compared the effect of the toxin 
with that of the AKT inhibitor IV and the PI3K inhibitor wortmanin. While CyaA at 
concentrations of 10 ng/ml inhibited LPS-induced NO production, neither AKT 
inhibitor IV at concentration of 200 nM, nor 1 μM wortmanin exhibited any effect on 
NO production, as shown in Fig. 56. This result suggests that in the used cellular 
model, the AKT and PI3K signaling did not influence NO production. 
 
Fig. 56: CyaA does not inhibit LPS-stimulated NO production in RAW264.7 macrophages 
through AKT and PI3K. RAW264.7 macrophages were pre-treated with either a 200 nM AKT 
inhibitor IV or 1 μM wortmanin for 1 hour prior to the addition of 100 ng/ml of LPS for 24 hours. 10 
ng/ml of CyaA was added concomitantly with LPS. Values represent the means ±SD from three 




Whooping cough caused by Bordetella pertussis is a reemerging disease with an 
insufficiently understood mechanism of pathogenesis. Deeper characterization of 
processes involved in the interaction of B. pertussis with the innate immune system 
is, therefore, of high importance. In this thesis, we describe how CyaA, a key 
virulence factor of Bordetella pertussis, modulates bactericidal mechanisms of a 
host. B. pertussis survival is mainly dependent on the inhibition of ROS and RNS 
production by neutrophils and macrophages, respectively. We confirmed that the 
enzymatic activity of the adenylate cyclase toxin plays a crucial role in Bordetella 
escape from innate immunity control. This is in agreement with the already published 
studies showing the importance of CyaA for B. pertussis virulence (Goodwin and 
Weiss, 1990; Khelef et al., 1994; Khelef et al., 1992). The proposed model of CyaA-
hijacked signaling pathways leading to the inhibition of the innate immune 
mechanisms of phagocytes is shown in Fig. 57. 
Fig. 57: Scheme of the CyaA-provoked signaling in cells of innate immune system. After binding 
of CyaA to the receptor, the toxin promotes pore-dependent potassium efflux and delivers the AC 
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There, the AC domain of CyaA is activated by the binding of calmodulin and catalyzes 
uncontrolled conversion of cytosolic ATP into cAMP. This activates PKA- and Epac-dependent 
signaling. By an as yet uncharacterized mechanism, PKA activation leads to the enhancement of 
activity of the SHP-1 phosphatase, which yields dephosphorylation and loss of activity of the c-Fos 
subunit of the transcription factor AP-1. The loss of P-c-Fos function then prevents iNOS expression 
and NO production in TLR-activated macrophages. PKA simultaneously inhibits AKT by a 
mechanism that remains unknown. This leads to the activation of FoxO3a, which together with 
activated SHP-1 promotes Bim-dependent apoptosis. PKA-dependent inhibition of PLC together with 
an as yet unknown Epac-dependent mechanism leads to the blocking of NADPH assembly and the 
inhibition of ROS production. 
Further, the potassium efflux through CyaA-formed pores activates MAPKs in DCs. This 
leads, together with cAMP-activated NF-κB translocation into cell nuclei, to dysregulation of 
maturation of DCs and to the shift in the development of anti-Bordetella adaptive immunity. 
Block of ROS and RNS production, induction of apoptosis, and dysregulation of adaptive 
immune responses finally facilitate the survival of Bordetella pertussis in the infected host. 
9.1. CyaA-provoked inhibition of ROS production by 
neutrophils 
We have shown here that CyaA-provoked cAMP signaling enables Bordetella 
pertussis to escape rapid killing by neutrophils. As summarized in the model in Fig. 
56, this process involves the blocking of PLC, resulting in the loss of ROS 
production by neutrophils. To target this important bactericidal mechanism, CyaA 
employs both PKA and Epac. Hijacking of this signaling pathway thus leads to 
overcoming of one of the first line defense mechanisms of the host. 
Although, the capability of CyaA to inhibit ROS production has already been 
known for some time (Confer and Eaton, 1982), a mechanistic analysis of this 
phenomenon was missing. Previous studies examined the impact of CyaA action on 
ROS production stimulated by either serum-opsonized zymosan (Confer and Eaton, 
1982; Pearson et al., 1987) or PMA (Eby et al., 2014). Neither zymosan nor PMA do, 
however, play any role in natural B. pertussis infection. In contrast, we used here 
fMLP, naturally originating from the bacterial lipoproteins, in order to induce ROS 
production in primary human neutrophils. We took an advantage here from the 
properly understood signaling pathway of this G Protein-Coupled Receptor (GPCR) 
agonist (Stadtmann and Zarbock, 2012). Moreover, fMLP-provoked signaling shares 
the production of two main second messengers with the signaling promoted by 
complement- or antibody-opsonized compounds. These second messengers are PIP3 
formed by PI3K and DAG generated by PLC. Furthermore, the usage of fMLP 
stimulation instead of the use of specific immunocomplexes allowed us to explore 
signaling pathways that are independent of a broad range of immunoreceptor-
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activated tyrosine kinases such as LYN and SYK (Nakayama et al., 2013; Tohyama 
and Yamamura, 2009). Note worthily, it was previously shown that CyaA provokes 
SYK inactivation by interfering with its phosphorylation in monocytes (Osicka et al., 
manuscript in preparation). We were, however, unable to show the same in 
neutrophils (data not shown). Taken together, the model proposed in this thesis 
provides a more general inhibitory mechanism than simple targeting of SYK-
mediated signaling of particular immunoreceptors. 
We also show here that the inhibition of ROS production by cAMP is due to the 
inhibition of PLC activity. When the ROS production was stimulated by a direct PLC 
activator m-3M3FBS (Bae et al., 2003), it was still sensitive to CyaA, while the 
activation of PKC by PMA was resistant to CyaA action (cAMP signaling). This 
indicates that the inhibition of PLC by cAMP-dependent signaling is a general 
mechanism of the blocking of ROS production by CyaA. 
The fact that ROS production stimulated by direct activation of PKC by PMA 
was resistant to CyaA action (cf. Fig. 26) is, however, in contrast with some 
previously published observations (Eby et al., 2014). The PMA concentration used 
by Eby (0.02 μM) was, however, not sufficient to induce a robust and thus 
potentially bactericidal ROS production (cf. Fig. 27), as the primary aim of that study 
was analysis of NETosis. The finding that the inhibition of PKC by CyaA leads to 
the inhibition of NETosis thus suggests that partially activated PKC can be sensitive 
to CyaA action and cAMP signaling. This is in agreement with our data showing that 
incomplete PKC activation can be partially overcome by CyaA action (cf. Fig. 27). 
Other possible explanations could be the different sensitivity of particular PKC 
isoforms to PMA (Nixon and McPhail, 1999). NETosis is driven selectively by PKCβ 
isoform, whereas ROS production could be activated by a broader range of PKCs 
(Gray et al., 2013). Hence, the PKCβ isoform could be sensitive to CyaA-promoted 
signaling, while other PKC isoforms may be resistant to the action of CyaA toxin. 
Similarly to PKC, we have not observed a strong effect of CyaA on PI3K-
produced PIP3 (cf. Fig. 25). This is in contrast to the results reported by others 
showing both activatory and inhibitory effects of cAMP signaling on the activity of 
PI3K isoforms (Cosentino et al., 2007; Feola et al., 2013; Rotfeld et al., 2014; Shen 
et al., 2011; Wang et al., 2001). The influence of cAMP signaling on PI3K activity 
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is, however, mainly described on non-immune cells. Moreover, our study was limited 
to PI3Kγ and PI3Kβ, which are the only PI3K isoforms activated by fMLP. Studies 
on other PI3K isoforms are currently in progress. 
Finally, the inhibition of PLC by CyaA/cAMP signaling action could be 
explained by the PKA-dependent phosphorylation of PLC. PKA and its cell 
permeable activator 8-[4-chlorophenythio]-cAMP were found to provoke 
phosphorylation of PLCβ3 isoform on the S1105 residue, which led to its inhibition 
(Yue et al., 1998). It is important to note here that 8-[4-chlorophenythio]-cAMP 
analogue is not strictly PKA-specific. It was also found to activate the cGMP-
dependent Protein Kinase G (PKG) (Sugita et al., 1994), cGMP-specific 
phosphodiesterase (Connolly et al., 1992), and the Epac protein, and this was 
described only after Yue’s work was published (Rehmann et al., 2003). On the other 
hand, the phosphorylation of PLC by PKA could be specific, as the authors also 
detected PLC phosphorylation by PKA in vitro (Yue et al., 1998). The inhibition of 
PLC by PKA and not by Epac could also be the reason why CyaA action had a 
weaker effect on m-3M3FBS-induced ROS production as compared to fMLP-
induced ROS production (cf. Fig. 26). In such a case, the additive effect of Epac 
activation would not be involved in the toxin-initiated inhibitory pathway, yielding a 
less effective inhibition of m-3M3FBS-induced ROS production. The contribution of 
Epac to inhibition of ROS production is thus more likely mediated by an interference 
of the Epac effector Rap1 with NADPH oxidase assembly. Indeed, Rap1 was 
recently found to interact with p47
PHOX
, thus blocking Rac-mediated NADPH 
oxidase activation (Wang et al., 2014). The possibility of Rap1 interaction with 
NADPH oxidase has already been described by several in vitro studies (Vignais, 
2002), although it was only thought to play an activatory role. The precise 
mechanism by which CyaA-mediated Epac/Rap1-activation leads to the blocking of 
ROS production remains to be elucidated in the future. 
In addition to PKA and Epac activation by CyaA-produced cAMP, no other 
CyaA activity was found to contribute to the inhibition of ROS production (cf. Fig. 
21). The role of enzymatic activity of CyaA in the inhibition of ROS production had 
also been described earlier (Confer and Eaton, 1982). Until now, however, the 
contribution of other activities of the toxin was not disqualified. The contribution of 
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other CyaA activities could be expected, as toxin-provoked calcium influx may have 
an impact on the PKC activity. Moreover, dysbalance of ion homeostasis and 
membrane potential due to the pore-forming activity of CyaA may also have an 
influence on NADPH assembly (Browning et al., 2014; Norton et al., 2013). Indeed, 
action of another pore-forming toxin, HlyA, was found to inhibit the AKT kinase 
required for NADPH oxidase assembly (Wiles et al., 2008). 
The concentration of CyaA used here is likely biologically relevant, as the same 
amounts of CyaA were detected in mucosal fluids of B. pertussis-infected infants and 
experimentally challenged baboons (Eby et al., 2013). Moreover, AC activity of 
CyaA in the culture supernatant of neutrophils infected with B. pertussis at MOI 
100:1 (cf. Fig. 17) corresponds to the activity of purified toxin used in our 
experiments (cf. Figs. 18 and 20). A lower concentration of the toxin was ineffective 
in blocking ROS production even after prolonged pre-incubation with neutrophils. 
This is in line with the amount of cAMP produced by different CyaA concentrations 
(cf. Fig. 22). 
In contrast to the above described data, CyaA was unable to block ROS 
production in fMLP- or TNFα-primed neutrophils (cf. Fig. 29). This may explain 
why neutrophils are crucial for B. pertussis clearance from immunized mice, whereas 
they play no role in control of B. pertussis infection of naïve animals (Andreasen and 
Carbonetti, 2009). The most potent bactericidal activity of neutrophils – production 
of ROS – appears to be effectively blocked by physiological concentrations of CyaA. 
After immunization of mice, which leads to neutrophil priming by TNFα released by 
macrophages upon antigenic restimulation, neutrophils, however, become resistant to 
CyaA action. This observation may be of high interest for the development of the 
next generations of vaccines against B. pertussis. The vaccines should be examined 
for the capacity to induce TNFα-dependent priming of innate immunity (Quintin et 
al., 2014), which could protect against colonization by B. pertussis. This is not a case 
of current acellular pertussis vaccines, which protect against pertussis symptoms but 
not against colonization (Sebo et al., 2014).  
Taken together, the here reported blocking of ROS production by CyaA is 
controlled by cAMP-activated PKA- and Epac-dependent signaling pathways. 
Moreover, the observed inhibition of PLC activity reveals that the composition of a 
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host membranes is a new target of CyaA action. Furthermore, the inhibition of PLC-
dependent DAG production and subsequent ROS production in CyaA toxin-treated 
cells provoked a steep decrease of B. pertussis survival inside primary neutrophils. 
These observations reveal an as yet undescribed CyaA-provoked signaling 
mechanism by which the whooping cough agent B. pertussis achieves the ablation of 




9.2. CyaA-provoked inhibition of RNS production by 
macrophages 
We further show here that cAMP-activated signaling through PKA yields the 
activation of the tyrosine phosphatase SHP-1. Hijacking of this novel cAMP-
regulated signaling pathway by the adenylate cyclase toxin then enables Bordetella 
pertussis to evade NO-mediated killing inside macrophage cells. As summarized in 
the model shown in Fig. 56, the CyaA-cAMP-triggered activation of SHP-1 leads to 
dephosphorylation of the P-c-Fos subunit of the transcription factor AP-1 and results 
in the loss of TLR-induced expression of the iNOS enzyme and the loss of 
production of bactericidal levels of NO. This novel mechanism adds to the broad 
spectrum of immunosubversive outcomes of CyaA-catalyzed synthesis of cAMP in 
host phagocytes. 
Somewhat controversial results were previously reported on the role of cAMP in 
the regulation of iNOS expression in different cell types and tissues. While cAMP 
was found to be a strong inducer of iNOS gene expression in rat vascular smooth 
muscle and mesangial cells, the elevation of cAMP in other rodent cells yielded a 
reduction of iNOS expression (Koide et al., 1993; Messmer and Brune, 1994; Pang 
and Hoult, 1997). In fact, it has been previously observed that a modulation of cAMP 
levels in RAW264.7 macrophages may impact LPS-induced expression of iNOS and 
NO production (Chang et al., 2013; Koide et al., 2003). We show here that low 
amounts of the CyaA toxin as 1 ng/ml do produce sufficient amounts of cAMP to 
cause a strong reduction of iNOS expression in LPS-activated macrophage cells (cf. 
Fig. 38). In agreement with a previous report (Kuo et al., 1997) and by contrast to 
CyaA, the pertussis toxin (PTX) produced by the mutant cyaA-AC
-
 bacteria was 
unable to increase cAMP concentrations through dysregulation of the endogenous 
adenylyl cyclase to a level that would provoke a block of induction of bactericidal 
NO production in LPS-activated macrophage cells (cf. Fig. 36). Indeed, PTX action 
takes hours to translate into a cAMP increase in cells and it depends on an additional 
receptor signaling-mediated activation of the endogenous adenylyl cyclase enzyme. 
It is, therefore, plausible to propose that the steep increase of cAMP concentration, 
accomplished early upon bacterial contact with phagocytes by the CyaA toxin, was 
required for the prevention of TLR-activated iNOS expression. This is likely to have 
been made possible by two unique features of CyaA. Firstly, CyaA exhibits an 
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extraordinarily rapid mechanism of target cell penetration, where translocation the 
AC domain into cells occurs by an endocytosis-independent mechanism directly 
across the cytoplasmic membrane of cells, and it proceeds with a halftime of only 
about 30 seconds (Bumba et al., 2010; Gordon et al., 1988; Gordon et al., 1989; 
Rogel and Hanski, 1992). Secondly, the calmodulin-activated catalytic domain of 
CyaA possesses an extremely high specific AC enzyme activity, with a turnover 
number of about 2,000 s
-1
 (Rogel and Hanski, 1992). As a result, CyaA 
concentrations as low as used in vitro here (10 ng/ml) and detected in mucosal fluids 
of infected infants and experimentally challenged baboons (Eby et al., 2013), are not 
only sufficient for the ablation of superoxide production and NET release by host 
neutrophils (Confer and Eaton, 1982; Eby et al., 2014; Pearson et al., 1987), but also 
provoke the inhibition of bactericidal NO production in macrophages. This explains 
why CyaA expression is crucial for the extended survival of unopsonized B. pertussis 
bacteria in macrophages. These results further highlight the unique role played by 
CyaA in the subversion of the innate immunity mechanisms, explaining the 
importance of the role played by CyaA in the early phases of bacterial colonization 
of host airways (Goodwin and Weiss, 1990; Khelef et al., 1992; Sebo et al., 2014; 
Vojtova et al., 2006). 
While major differences exist in iNOS expression regulation in man and mice, 
the expression of bactericidal iNOS in human phagocytes and the role of NO in 
innate immunity in man is now well established (Fang and Vazquez-Torres, 2002). 
iNOS expression in human macrophages, however, require, besides activation by 
LPS, the simultaneous involvement of several cytokine signals (e.g. IFNγ, TNFα, 
and IL-1β). This makes the deciphering of signaling pathways leading to iNOS 
expression in human phagocytes difficult. In contrast, LPS alone is sufficient for 
strong iNOS expression in murine macrophages (Pautz et al., 2010). Therefore, 
mouse cells like the RAW264.7 macrophages are preferentially used for analysis of 
signaling that leads to bactericidal iNOS expression in phagocytes (Chang et al., 
2013; Koide et al., 2003; Tsukamoto et al., 2008). Using these cells, we reveal here 
the prominent role played by cAMP signaling in the regulation of the activity of the 
transcription factors involved in iNOS expression in phagocytes. This remains 
scarcely documented in the literature. The activation of the NF-κB transcription 
factor in human keratinocytes by db-cAMP or forskolin has previously been reported 
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(Qi et al., 2009), which goes well with the here observed triggering of NF-κB 
translocation into cell nuclei by the cAMP-elevating activity of CyaA (cf. Fig. 43). 
While NF-κB activation alone cannot lead to the blocking of iNOS expression, 
Hickey and co-workers observed previously that cAMP production by CyaA caused 
a decrease of levels of both IRF1 and IRF8 transcription factors (Hickey et al., 2008). 
Similarly, cAMP elevation by cholera toxin was found to cause inhibition of IRF1-
IRF8 interaction (la Sala et al., 2009). Furthermore, IRF1 and STAT1 activities were 
also found to be inhibited upon VPAC1-mediated PKA activation by a mechanism 
independent of Suppressor Of Cytokine Signaling 1/3 (Delgado and Ganea, 2000). 
Hence, the previous observations that IRF1 and Stat1 activities are regulated by 
cAMP go well with our results showing that CyaA activity concomitantly decreased 
Stat1 phosphorylation and IRF1 levels (cf. Fig. 44). While Stat1 activation was 
previously found to be inhibited via cAMP/PKA signaling-triggered activation of 
SHP-2 (Tai et al., 2014), we observed here a highly SHP-1-specific effect of cAMP 
increase on LPS-triggered iNOS expression in murine macrophage cells. Moreover, 
inhibition of Stat1 by CyaA did not occur before the inhibition of iNOS expression 
(cf. Fig. 45), showing that Stat1 inhibition does not play a major role in the first 
phase of inhibition of iNOS expression. In contrast, the effects of CyaA-provoked 
cAMP signaling on phosphorylation of the c-Fos subunit of AP-1 correlated in time 
with the observed inhibition of iNOS expression. 
The c-Fos subunit of the transcription factor AP-1 was, indeed, shown to undergo 
hyperphosphorylation at multiple sites upon macrophage activation by LPS. This 
increases its activity (Pellegrino and Stork, 2006) and accounts for the appearance of 
several P-c-Fos bands, or a smear of hyperphosphorylated P-c-Fos, in immunoblots 
with P-c-Fos-specific antibodies. The here analyzed CyaA-produced cAMP signaling 
then caused dephosphorylation of the hyperphosphorylated P-c-Fos into the 
hypophosphorylated c-Fos. This suggests that P-c-Fos was, indeed, the primary 
target of PKA activation-dependent signaling in the course of CyaA action and that 
dephosphorylation of P-c-Fos accounted for the inhibition of iNOS expression. 
The inhibitory effect of CyaA on the transcription factor AP-1 is very likely due 
to interference with MAPK signaling, which is known to play a major role in 
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regulation of AP-1. The here described results are in agreement with the effect of 
CyaA on the MAPK activity described elsewhere. 
Intriguingly, manipulation of iNOS expression through a very different 
mechanism of protease-dependent activation of SHP-1 and a subsequent modulation 
of c-Fos activity has been previously observed in mouse macrophages infected with 
Leishmania donovani (Blanchette et al., 2009; Gomez et al., 2009; Nandan et al., 
1999). Moreover, LPS-triggered iNOS expression in murine macrophages could 
previously have been blocked by the activation of SHP-1 (Hardin et al., 2006). We 
describe here, however, the activation of SHP-1 by a mechanism dependent on 
cAMP elevation and PKA activity. Intriguingly, while the cAMP levels increased 
with time of toxin action (cf. Fig. 36) and presumably the PKA activity remained 
high over the duration of cell exposure to CyaA, the activation of SHP-1 by toxin-
produced cAMP signaling was only transient. The mechanism underlying the down-
regulation of SHP-1 activity after prolonged cell exposure to CyaA (60 min, cf. Fig. 
50) remains unknown but correlates in time with the cAMP-provoked transient 
inhibition of the small GTPase RhoA activity in CyaA-treated murine macrophages, 
which was maximal at 30 minutes from the toxin addition (Kamanova et al., 2008). It 
will, therefore, be of interest to determine if the same regulatory circuit is involved in 
the modulation of both RhoA and SHP-1 activities by toxin-produced cAMP 
signaling. PKA, in fact, likely exerts its effect on SHP-1 activity by an indirect 
mechanism, as no phosphorylation consensus sequence for PKA (-RRXS/T- where X 
stands for any amino acid) is found in SHP-1 sequence, in contrast to SHP-2. We 
then conclude that it is selectively the cAMP-activated PKA signaling that leads to 
the activation of SHP-1. This is based on the observation that the Epac-specific cell-
permeable activator 8-CPT-cAMP exerted little, if any, effect on c-Fos 
phosphorylation, iNOS expression and NO production. In contrast, the PKA specific 
activator 6-Bnz-cAMP mimicked to a large extent the impact of CyaA action on 
cells. Hence, cAMP-dependent activation of PKA clearly played a dominant role in 
CyaA-provoked suppression of iNOS expression in macrophages. However, it cannot 
be definitively concluded at present that only PKA signaling was involved and Epac 
did not play any role in the control of TLR-induced iNOS expression. PKA 
inhibition with H-89 did not fully revert the impact of CyaA action on iNOS 
expression. Moreover, H-89 is known to exert some off-target effects (Bain et al., 
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2007) and H-89 on its own was found to partially impair iNOS expression (cf. Fig. 
40). It is thus possible that due to high levels of cAMP produced in cells by CyaA, 
the H-89 inhibitor at the usual concentration of 10 µM was just unable to completely 
inhibit the fully activated PKA signaling. 
Taken together, the here reported modulation of iNOS expression by the 
cAMP/PKA-regulated SHP-1 activity indicates that SHP-1 plays a rather central role 
in the control of iNOS expression and B. pertussis survival in macrophages. 
Furthermore, selective silencing of SHP-1 expression led to the restoration of NO 
production in CyaA toxin-treated RAW264.7 cells and the inhibition of SHP-1/2 
phosphatases by NSC87877 provoked a steep decrease of B. pertussis survival inside 
macrophages. These observations reveal an as yet undescribed cAMP/PKA-regulated 
signaling mechanism that is manipulated by the CyaA toxin of the whooping cough 
agent B. pertussis. This reveals an opportunity for the development and testing of 
novel SHP-1-specific inhibitors as potential drugs for the treatment of pertussis in the 




In this thesis we describe the achieved progress in our understanding of 
mechanisms that underlie the ablation of the innate immunity by the causative agent 
of whooping cough – Bordetella pertussis. 
1) We showed that B. pertussis employs the enzymatic activity of CyaA in order 
to survive the initial contact with innate immune cells and to avoid being 
killed by oxidative burst of these sentinel cells of innate immunity. 
2) We showed that PKA and Epac collaborate in CyaA/cAMP-triggered 
inhibition of ROS production by neutrophils. 
3) We identified PLC as the primary target of CyaA-induced signaling that leads 
to the blocking of ROS production by neutrophils. 
4) Using primed neutrophils, we reveal a mechanism that potentially enables 
vaccinated animals to clear B. pertussis infection. 
5) In contrast to the blocking of ROS production, CyaA-dependent PKA 
activation is sufficient to block NO production and iNOS expression in 
macrophages. 
6) We describe here, that the enzymatic activity of CyaA yielding cAMP 
signaling does inhibit Stat1 and IRF1 transcription factors and JNK signaling, 
while it activates the NF-κB transcription factor. Moreover, the pore-forming 
activity of CyaA activates JNK and p38. This dysregulation of signaling 
pathways then leads to altered gene expression patterns and finally yields 
dysregulation of DC maturation. 
7) Furthermore, CyaA enzymatic activity accounts for the blocking of the AP-1-
dependent iNOS expression by the activation of the tyrosine phosphatase 
SHP-1. 
8) We have identified the activation of SHP-1 by CyaA as a crucial step in the 
survival of B. pertussis during interaction with macrophages. 
9) We also described that the inhibition of AKT by CyaA enzymatic activity is 
important for the induction of apoptosis of monocytes, while it does not play 




AC Adenylate Cyclase 
AP-1 Activator Protein 1 
ATP adenosine triphosphate 
BMDM bone marrow-derived macrophages 
BMDC bone marrow-derived dendritic cells 
B.p. cyaA-wt Bordetella pertussis producing wild type CyaA 
B.p. cyaA-AC
-
 Bordetella pertussis producing detoxified CyaA-AC
-
 
B.p. ΔcyaA Bordetella pertussis with in frame deletion of cyaA gene 
6-Bnz-cAMP N
6
- Benzoyladenosine- 3', 5'- cyclic monophosphate 
cAMP adenosine 3’,5’- cyclic monophosphate 
cAMPS 8- Bromoadenosine- 3', 5'- cyclic monophosphorothioate, Rp- isomer 
CD cluster of differentiation 
CDK Cyclin-Dependent Kinase 
8-CPT-cAMP 8-(4-chlorophenylthio)-2'-O-methyladenosine-3',5'-cyclic monophosphate 
CyaA adenylate cyclase toxin, ACT 
CR3 Complement Receptor 3, integrin CD11b/CD18, αMβ2, Mac1 
DAG diacylglycerol 
DNT DermoNecrotic Toxin 
ERK Extracellular signal-Regulated Kinase 
FHA Filamentous Hemagglutinin 
fMLP formyl-Methionyl-Leucyl-Phenylalanine 
IL InterLeukin 
iNOS inducible nitric oxide synthase, NOS2 
IRF Interferon Regulatory Factor 
LPS lipopolysaccharide 
MAPK Mitogen-Activated Protein Kinase 
NADPH nicotinamide adenine dinucleotide phosphate 
NF-κB Nuclear Factor κB 
NO nitric oxide 
PI3K PhosphoInositide 3-kinase 
PIP3 phosphatidylinositol (3,4,5)-trisphosphate 
PKA cAMP dependent Protein Kinase A 
PLC PhosphoLipase C 
PRN Pertactin 
PTX Pertussis Toxin 
ROS reactive oxygen species 
RNS reactive nitrogen species 
RTX Repeat in ToXin 
SHP SH2 domain-containing protein tyrosine Phosphatase 
siRNA small interfering RNA 
Stat Signal Transducer and Activator of Transcription 
TCT Tracheal CytoToxin 
TLR Toll-Like Receptor 
TNF Tumor Necrosis Factor 
T1SS Type I secretion system 
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